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ABSTRACT: The MMS force field has been extended to permit the treatment of organogermanes. The vibrational
spectra, molecular structures, moments of inertia, dipole moments and conformational energies of 21 compounds
were studied. The available experimental data are mostly well reproduced. Copyrif89 John Wiley & Sons,

Ltd.
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INTRODUCTION In silanes, the bond lengths showed significant electro-
negativity effects, whereas in germanes the electronega-

Molecular mechanics has become a powerful tool for tivity effect is still present, but it is much less significant.

studying molecular structures and conformational en- The vibrational spectra of six compounds, and the

ergies during the past two decades. The MM2 force field, molecular structures, dipole moments and rotational

which has been widely used, gives generally good resultsbarriers of 11 compounds were examined. The final

for structures and energies for a wide variety of parameter set derived is listed in Table 1.

compounds. A previous MM2 study on Group IV

organometallanes (germanium, tin, and lead) has been

published® However, early versions of MM2 gave some

minor errors, which were later corrected. Nevertheless, RESULTS AND DISCUSSION

there still appear to be some significant systematic errors,

and it would require substantial efforts to fix them. vibrational spectra

Instead of trying to revise the MM2 force field, a new

force field (called MM3j was instead developédThe  There are eight organogermanes that have been studied
MM3 force field has been applied to a variety of spectroscopically®>2? Those are germane, methylger-
compounds including hydrocarbohslkenes; alcohols  mane, trimethylgermane, ethylgermane, vinylgermane,
and ethers,aldehydes and ketonésmines’ conjugated  cyclobutylgermane, germacyclopentane and phenylger-
alkenes’ nitro compounds, sulfides,® disulfides* and  mane. From previous experient@?in order to fit the
conjugated carbonyfs. In this paper, we are concerned spectra better, some cross-terms such as the torsion—
with the extension of MM3 force field to deal with the pend-bend interaction are needed. However, such terms
organogermanes. are not part of the MM3 force field. We therefore accept
Unlike MM2, which fit structures and energies only, the resulting errors. The MM3-calculated vibrational
we would also like to reproduce the vibrational spectra spectra for these eight germanes are summarized in the
here and these were studied first, using approximateTables 2-9. The average MM3 Ge-H and Ge-C
structures as obtained from MM2 parameters. This fairly stretching modes are 2085 ¢t (over 18 bonds) and
well determined the force parameters. We then adjusteds47 cmt (over eight bonds), compared with the experi-
the other parameters, such as natural bond lengths, bongnental values of 2084 and 551 ch respectively. The
angles, bond moments, etc., to give the best fit to the skeletal bending modes, GeCC and CGeC, which are
experimental structures, conformational energies andexperimentally in the region averaging around 239 ¢m
rotational barriers. Organogermanes, which are the are also well reproduced by MM3, 244 ¢t However,
analogs of the silanes and corresponding hydrocarbonsthe modes involving hydrogen bendings show problems
usually are tetrahedral with threefold rotational barriers. sjmilar to those previously found with other compounds.
Normally, the asymmetric and symmetric GgHefor-
*Correspondence to:N. L. _Allinger, Computational_ Center_ for_ mations are in the region of 900 and 800*dm
Molecular Structure and Design, Department of Chemistry, University . . . .
of Georgia, Athens, Georgia 30605-2556, USA. respectively. There is a troublesome mode in vinylger-
Contract/grant sponsorTripos Associates. mane, the CHrock, which was experimentally assigned
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Table 1. The MM3 parameter set for organogermanes®®
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Table 1. (continued)

Stretching parameters

Torsional parameters

Bond ks lo Dihedralangle V, V, V3
1-31 2.72 1.949 2-2-31-2 0.000 0.000 0.132
5-31 2.55 1.529 5-2-31-2 0.000 0.000 0.175
2-31 3.58 1.935 5-31-56-5 0.000 0.000 0.130
22-31 2.70 1.911 5-31-56-56 0.000 0.000 0.130
31-31 1.45 2.404 5-56-56-31 0.000 0.000 0.110
1-37 2.95 1.944 31-56-56-56 0.000 0.000 0.110
31-56 2.05 1.944 1-1-1-3% 0.000 0.000 0.520
Bending parameters Bond moment parameters
Angle ko o Type Bond Moment
5-31-5 0.423 107.5 1 1-31 —0.635
108.5 2 2-31 —-1.120
109.5 3 22-31 —0.500
1-31-5 0.390 110.2 1 31-31 0.000
1105 2 1-3r —0.495
1115 3
5-1-31 0.420 110.0 1 Van der Waals parameters
111.9 2
110.0 3 Atom type € r*
1-81-1 0.500 igg:g % 31 0.200 2.440
1105 3 — X
1-1-31 0.450 109 3 Electronegativity correction
2-2-31 0.250 119.1 ;
5_o_31 0.510 120.0 Bond Endof bond  Atom type Correction
2-31-5 0.390 110.1 5-31 31 31 0.006
2-31-2 0.500 109.5 2.2 2 31 0.002
22-22-31 0.500 117.0 5-31 31 1 0.008
5-22-31 0.400 119.0
5-31-22 0.400 108.8 Stretch—bendparameter
5-31-31 0.350 1145
2-31-31 0.500 109.5 Atom type Ksb
1-1-3f 0.680 105.5
1-31-f 0.570 100.0 X—Ge—Y 0.45
5-31-56 0.510 105.2 X—Ge—H 0.00
5-56-31 0.400 110.2
31-56-56 0.460 110.0 a )
231 0.10 Theatomtypenumbersarethoseusedin MM3; 1is saturatedarbon,
2 is unsaturatectarbon,5 is hydrogen,22 is three-membereding
Torsional parameters carbon,31is germaniumand56 is four-membereding carbon.X and
Y areheavyatoms.
Dihedral | v V. V. Somevaluesin this parametesetaresomewhatifferentfrom those
ihedralangle 1 2 3 in MM3(96). The valuesmarkedwith an asteriskin MM3(96) were
only preliminaryandif thatversionof MM3 is usedfor calculationson
5-1-31-1 0.000 0.000 0.127 organogermaneshe parametergivenin the tablesshouldbereadin.
5-1-31-5 0.000 0.000 0.132 Theseparametersvill beincludedin MM3(99) and later versions.
1-1-31-5 0.000 0.000 0.172 ¢ Parametefor five-membereding.
5-1-1-31 0.000 0.000 0.185
1-1-31-1 —0.200 0.085 0.112
1-1-1-31 —0.200 0.000 0.112 1 . . 1
2-2_31-5 0.000 0.000 —0.245 at 877cm -, while MM3 gives 1050cm™~. However,
5-2-31-5 0.000 0.000 0.175 therewasanothemode,the GeH; deformationwasalso
5—2-2-31 0.000 6.450 0.000 assignedat 887cm ! which turnedout to be reasonable
2-2-2-31 0.000 6.450 0.000 for germyldeformation We believethattheremightbea
22-22-22-31 0.000 0.000 0.132 f issedor simply mi . dTh lculated
29_92_31-5 0.000 0.000 0.285 requencymissedor simply misassigne e C?. Ccu a e
5-22-31-5 0.000 0.000 0.285 spectrumof germacyclopentandas severalvibrations
5-22-22-31 0.000 0.000 0.132 with very large errors,especiallyan ‘A’ symmetryring
5-31-31-5 0.000 0.000 0.165 C-C stretchingmodewhich is 177cm™* too high anda
2-2-31-31 0.000 0.000 0.132 ‘B’ symmetry CH, rock mode which is 219cm™?* too
2-31-31-2 0.000 0.000 0.132 | Th . lculatedo be56 cm- L. whichi
1-1-1-3 —0.200 0.000 0.520 OW. er.m.s.erroris calculateao pesocm -, wnichnis
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muchlargerthanwe would like to have,andthe average
J. Phys.Org. Chem.12, 528-540(1999)



530 K.-H. CHENAND N. L. ALLINGER

Table 2. Vibrational spectra of germane

Table 5. Vibrational spectra of ethylgermane

Symmetry No. Expt’® MM3 A Assignment Symmetry No. Expt*® MM3 A Assignment
Ay 1 2111 2071 —-40 Sym.Ge—Hstr. A 1 2967 2964 —3 Asym.CHjs str.
E 2 931 956 25 GeH; def. 2 2931 2882 —49 Sym.CHs, CH, str.
T, 3 2111 2090 -—21 Asym.Ge-Hstr. 3 2885 2868 —17 Asym.CHjs, CH; str.
4 821 795 —26 GeHsdef. 4 2079 2090 11 Asym.Ge—Hstr.

R.m.s. 26 5 2076 —3 Sym.Ge—Hstr.
Av. -15 6 1470 1456 —14 Asym. CH; def.

7

8

Table 3. Vibrational spectra of methylgermane

Symmetry No. Expt’®> MM3 A Assignment

A, 1 2938 2882 —56 Sym.C—Hstr.
2 2085 2076 —9 Sym.Ge-Hstr.
3 1254 1225 —29 CHgdef.
4 843 770 —73 GeH; def.
5 602 601 -1 Ge-Cstr.
A, 6 155 175 20 Ge-Ctorsion
E 7 2997 2981 -16 C-Hstr.
8 2084 2089 5 Ge-Hstr.
9 1428 1418 —10 CHsdef.
10 900 907 7 GeH; def.
11 848 799 —49 CHsrock
12 506 544 36 GehH; rock
R.m.s. 31
Av. -11

Table 4. Vibrational spectra of trimethylgermane

Symmetry No. EXptI18 MM3 A Assignment

Ay 1 2982 2982 0 Asym.C-Hstr.
2 2922 2882 —40 Asym.C-Hstr.
3 2040 2084 44 Sym.Ge—Hstr.
4 1426 1419 -7 Asym.CHs def.
5 1246 1223 -—23 Sym.CHgdef.
6 833 804 —29 Sym.CHjs rock
7 5712 559 —12 Sym.Ge-Cstr.
8 187 171 —-16 Sym.GeG def.

Ao 9 — 2981 — Asym.C-Hstr.
10 — 1418 — Asym.CHs def.
11 — 793 — CHzwag
12 — 141 — Ge-Ctorsion

E 13 2982 2982 0 Asym.C-H str.
14 2981 -1 Asym.C-Hstr.
15 2922 2882 —40 Asym.C-Hstr.
16 1426 1418 —8 Asym.CHgzdef.
17 1418 —8 Asym. CHj; def.
18 1246 1223 —23 Asym.CHgsdef.
19 850° 803 — Asym.CHsrock
20 833 800 —33 Asym.CH;wag
21 624 712 — CGeHbending
22 592 599 19 Asym.Ge—-Cstr.
23 187 196 9 CGeCbending
24 — 145 — Ge-Ctorsion

R.m.s 20

Av. -9

& Valuestakenfrom solid-statespectrum.

P Values taken from solid-state spectrum; two modes (850 and
624cm 1) were heavily coupledand reverselyassignedThe MM3
assignmentsiregivenin thetable.

CopyrightO 1999JohnWiley & Sons,Ltd.

1422 1441 19 Asym. CHj; def.,
CH, sci.
1379 1404 25 Asym.CH, sci.,
CHj; def.
9 1232 1295 63 CH, rock

10 1030 1002 —28 CHs; rock
11 974 967 —7 C-Cstr.
12 888 903 15 GeH; def.
13 836 769 —67 GeH; def.
14 618 574 —44 Ge-Cstr.,GeH; rock
15 524 529 5 GeH; rock, Ge—Cstr.
16 230 254 24 GeCCbending
A’ 17 2970 2965 —5 Asym.CHjs str.
18 2957 2927 —32 Asym. CHjz str.
19 2085 2089 4 Asym.Ge—Hstr.
20 1464 1467 3 Asym.CHjz def.
21 1238 1158 —80 CH, twist

22 979 998 9 CHsz wag
23 880 906 26 GeH; def.
24 723 750 27 CH,wag
25 492 540 48 GeH; wag
26 — 223 — C-Ctorsion
27 — 124 — Ge-Ctorsion
R.m.s. 33
Av. -3

erroris —5 cm*. Nextis cyclobutylgermaneAt time the
forcefield for cyclobutanevasdevelopedthe molecular
structure and heat of formation were carefully repro-
duced,but the vibrational spectrumwas not examined.
Therefore, the force parametersfor open-chaincom-
poundswere used,andthosering deformationg(includ-
ing stretchingandbending)werenotadequateTher.m.s.
andaverageerrorsfor cyclobutanetself werelaterfound
to be 88 and —45cm . The MM3-calculatedspectrum
of cyclobutylgermaneshowsrelatedlarge errorsin the
modesinvolving CH, bending(Table 7), althoughthe
r.m.s.andaverageerrorsarenot sobad.The spectrunof
phenylgermanewas reported by During et al.?* The
symmetryassignmenbf this moleculeby MM3 andby
experimentare different. MM3 gives C; symmetryand
experimentabssignmentsverebasedon C,, symmetry.
In Table 9, we list the spectrumbasedon the MM3
vibrational motions, and ignore the symmetry. This
spectrumwasnotincludedin statisticalcalculationsThe
r.m.s.and averageerrorsof 176 vibrational frequencies
over a set of sevengermanesare 42 and —12 cm 1,
respectivelyThesmallvalueof thelatterindicatesalack
of any serioussystematicerror, while the r.m.s.error is
similarto thatfor hydrocarbon$35cm™-) andis aboutas

J. Phys.Org. Chem.12, 528-540(1999)
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Table 6. Vibrational spectra of vinylgermane

Symmetry No. Expt*® MM3 A Assignment

A 1 3066 3103 37 =CH, str.
2 3003 3045 42 =CHstr.
3 2959 3007 48 =CH, str.
4 2090 [2089 -1 GeHsstr.
5 2076 —14 GeH; str.
6 1598 °"1602 7 C=Cstr.
7 1398 1430 32 =CH, sci.
8 1268 1225 —43 =CH in-plane-
bending
9 887 1046 — =CH,rock
10 887 903 16 GeHs def.
11 834 755 —79 GeH; def.
12 639 639 0 Ge-Cstr.
13 543 538 -5 GeH; wag
14 267 289 22 GeC=C bending
A 15 2090 2090 O GeHsstr.
16 1007 1062 55 =C-H out-of-plane
bending
17 950 906 —44 =CH, wag (out-of-
planebending)
18 876 903 27 GeH; def.
19 524 558 34 GeH; wag
20 420 446 26 =CH, twist,
GeH; twist
21 — 127 — Ge-Ctorsion
R.m.s. 35
Av. 8

& Valuestakenfrom liquid Ramanspectrum.
b Seetext.

goodascanbe expectedrom a forcefield containingas
few cross-termasMM3.

Sincegermaniumis slightly elecropositivewe might
expectthat its substitutioninto a hydrocarbonwould
causethe C—H bond lengths in methylgermane for
example,to stretchslightly. This stretchingwould be
small and hard to measuredirectly, but the stretching
frequencieof the C—H bondscanbeusedasa sensitive
measure of bond length?®> These show that C—H
stretchingis negligible. For ethylgermanethe stretching
appearsto be 0.011A, but the experimentalerror is
0.010A, and the stretching,if any, is too small to
measurawith certainty.

Structures and energies

MM3 is designedto reproduce gas-phaseelectron
diffraction structures,which usually are given in rq
units® Since the different experimentalmethodsgive
structuresn differentunits(rg, r,, r's, €tc.),it isimportant
to compargaheMM3 andexperimentaValuesin thesame
units. Thesevariousinterconversionsnay be carriedout
using the MM3 program?* Therefore,throughoutthe
presenstudy,we convertedhe standard 4 valuesto the
units reported in the individual experimentsbefore
making comparisons.There are several isotopes of

Copyrightd 1999JohnWiley & Sons,Ltd.

Table 7. Vibrational spectrum of cyclobutylgermane (equa-
torial)

Symmetry No. Expt?? MM3

A 1 2980 2983 2 y-CH, str.
3019 2983 -36

A Assignment

2 2968 2978 10 p-CH,str.
296F 2978 17

3 2927 2920 —7 y-CH, str.
2935 2931 -4

4 2919 2914 -5 o-CHstr.

5 2873 2899 26 p-CH, str.
2879 2900 21

6 2072 2089 17 GeHgstr.

7 2068 2075 7 GeHgstr.

8 1473 1383 —90 7-CH, def.

9 1451 1330 —121 p-CH, def.

10 1262 1294 32 ¢-CHin-planebend

126" 1262 -7

11 1231 1157 —74 p-CH,wag
1236° 1169 -67

12 1201 1079 -22 pB-CH, twist

13 1067 1031 -36 Ringdef.
1036* 1021 -15

14 999 981 -17 Ringbreathing

15 883 895 12 GehHsdef.

16 853 878 25 p-CH,rock

17 828 846 18 Gehkdef.

18 692 707 15 Ringdef.
708 709 1

19 598 588 —10 v-CH,rock

20 588 562 -26 GeH;rock
675" 496 —

21 440 410 -30 Ring-Gestr.
484 459 -25

22 262 261 -1 Ring-Gebend
260 260 0

23 135 148 13 Ring puckering

B 24 2956 2978 22 [-CH, str.
25 2933 2908 —-25 f-CH, str.

2090 16 Gehs
27 1443 1343 —-100 f-CH, def.
28 1251 1160 -91 y-CH,wag
29 1220 1123 -—-97 f-CH,wag
30 1183 1050 —133 y-CH, twist
31 1081 1004 -—77 [-CH, twist
32 940 969 29 Ringdef.
33 924 929 5 o-CH bend
34 876 864 —12 GeH;def.
35 820 871 51 Ringdef.
36 779 851 72 [-CH, rock
37 566 569 3 GeHs rock
38 186 196 10 Ring-GeH; bend
39 130 107 —-23 GeH;torsion

R.m.s. 46

Av. -14

& For axial conformer.
P This frequencywasalsoassignedhsa ring deformation.

germanium(’°Ge—%Ge), a few of which havelargeand
roughly equalnaturalabundances-ere we specifically
used the moments of inertia correspondingto the
principal isotope (““Ge) to comparethe calculatedand
experimentalvalues. The molecularstructuresof orga-

J. Phys.Org. Chem.12, 528-540(1999)



532 K.-H. CHENAND N. L. ALLINGER

Table 8. Vibrational spectra of germacyclopentane (C, twist)

Table 9. Vibrational spectra of phenylgermane

Symmetry No. ExptP”® MM3 A Assignment No. Expt?* MM3  Assignment
A 1 2932 2945 13  «-CHj, str. 1 3082 3055
2 2904 2925 21 p-CH, str. 2 3069 3050
3 2881 2891 10 «,p-CH, str. 3 3047 3045 ; Ph-Hstr.
4 2865 2875 10 p,x-CHy str. 4 3022 3041
5 2066 2081 15 Asym.GeH, str. 5 3000 3038
6 1453 1453 0 Sym.fS-CH, 6 — 2090
scissoring 7 2072 {2089} Ge—Hstr.
7 1419 1426 7 «-CHj, scissoring 8 2076
8 1324 1377 53 p-CH, wag 9 1583 1656 C=Cstr.
9 1246 1209 -27 o-CH,wag 10 1571 1650 C=C str.
10 1200 1170 —-30 f-CH, twist 11 1482 1607 C=Cstr.
11 1078 1099 21  o-CH, twist 12 1433 1500 C=C str.,Ph—Hin-planebending
12 848 1025 177 C-Cstr. 13 1329 1429  Ph-Hin-planebending
13 1025 941 -84 fS-CH,rock 14 1301 1326  Ph-Hin-planebending
14 881 837 —44 GeH, scissoring 15 1187 1222  Ph—Hin-planebending
15 762 797 35 C-Cstr.,,GeH, 16 1151 1202  Ph—Hin-planebending
scissoring 17 968 1090 Ph-Hout-of-planebending
16 788 756 —  -CH,rock 18 1096 1082 Ph-Gestr.
17 635 623 —12 Ge-Cstr. 19 1026 1029 Ph-Hin-planebending
18 543 596 53 GeH; twist 20 968 1006  Ph—Hout-of-planebending
19 345 296 —49 GeCCbhending 21 999 969 Ringdef.
20 273 284 11 CGeCbending 22 948 921 Ringdef.,Ph—-Hout-of-plane
B 21 2978 2945 —33 o-CH, str. bending
22 2946 2926 —20 p-CH, str. 23 878 902  Asym.GeH; def.
23 2936 2890 —46 o-CH, str. 24 — 897  Asym.GeH; def.
24 2922 2865 —57 p-CH, str. 25 910 876  Ph—Hout-of-planebending
25 2066 2090 24 GeH; str. 26 826 753  Sym.GeH; def.
26 1455 1447 —8 Asym. f}-CH, 27 738 734  Ph—Hout-of-planebending
scissoring 28 673 668 In-planering def.
27 1429 1395 —34 «-CH, scissoring 29 699 644  Ph-Hout-of-planebending,ring
28 1312 1344 32 p-CH,wag out-of-planebending
29 1251 1205 -46 o-CH,wag 30 619 601 In-planeRing def.
30 1150 1191 41 f-CH, twist 31 — 586 Ph-Hout-of-planebending,
31 1033 1072 39 «-CH, twist ring out-of-planebending
32 946 947 1 C-Csir. 32 585 531 GeH;rock
33 1057 838 —-219 f-CH,rock 33 580 530 GeH; wag
34 804 776 —28 «-CH,rock 34 418 388 Ring out-of-planebending
35 694 641 -53 GeH,wag 35 395 358 Ringout-of-planebending
36 589 567 —22 Ge-Cstr. 36 292 302 Ringdef.
37 481 474 -7 Ge-Cstr.,GeH, 37 230 185 Ring-Gein-planebending
rock 38 161 138 Ring-Geout-of-planebending
38 431 469 38 GeH, rock 39 — 0 Ring-GeHh; free rotation
39 113 110 —3 Ring puckering
R.m.s. 56 & Estimatedvalues.
Av. -5

& Valuestakenfrom liquid Ramanspectrum.
b Estimaed value, seeRef. 20.

nogermanesalculatecby MM3 arelistedin Tables10—
24, alongwith the observeddata.

Germane. The rotationalconstant(By) of germanewas
determinedbasedon the infrared spectrunt® The best
value for By was determinedas 2.69587(7cm . The
Ge—H bond length is accordingly computedto be
1.525358(20A (rg). MM3 givesanr, bondlength,which
shouldbe closeto rg, of 1.522A.

Methylgermane. The structuralparametergor methyl-
germanaveredeterminedyy microwavespectroscopy®

Copyrightd 1999JohnWiley & Sons,Ltd.

The Ge—C and Ge—H bonds were 1.9453(5) and
1.529(5)A (rg), comparedwith 1.943 and 1.517A by
MM3, respectivelyThe C—H bondsweredeterminecdhs
1.083(5)A andtheMM3 valueis 1.095A. Similarly toits
siliconanalogmethylsilanethe moststableconformeris
the staggeredform. The barrier to internal methyl
rotationis 1.23kcal mol~* by MM3, and1.24kcalmol~*
by the microwavemethod(1 kcal=4.184kJ). Thedipole
momentof methylgermanavasmeasureds0.635(6)D
from the Stark effect. The MM3-calculated dipole
momentis 0.64 D. In Table 11, we summarizethe
experimentabnd MM3-calculaed structuresof methyl-
germane.The barriersto internal rotation and dipole
momentsof the organogermanearelisted in Tables25
and 26, respectively.

J. Phys.Org. Chem.12, 528-540(1999)
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Table 10. Molecular structure (rp) of germane®

Table 14. Molecular structure (ry) of tetramethylgermane

Exptl*® MM3/A Expt/*° MM3/A
Ge—H 1.5253 1.522/-0.003 Ge—C 1.945(3) 1.949/0.004
HGeH — 109.5/— C—H 1.12(2) 1.112/-0.008
GeCH 108(2) 110.7/2.7
Momentsof inertia® Expt?®  MM3/% CGeC 109.5(fixed) 109.5/—
HCH 110.6(15} 108.2-2.4
le=ly=1, 6.253 6.2739/0.33

@ Hereandin subsequentiables,bondlengthsin ,&, anglesin degrees.

b Atomic unit.

Table 11. Molecular structure (rs) of methylgermane

Exptl?® MM3/A
Ge—C 1.945(5) 1.943/-0.002
Ge—H 1.529(5) 1.517/-0.012
C—H 1.083(5) 1.095/0.012
HGeH (6s) 108.2(5) 108.0/-0.2
HCH 108.4(5) 108.2/-0.2
Momentsof inertig® Exptl*® MM3/%
Iy 9.376 9.3133/-0.67
ly=1, 58.445 58.6285/0.31

—1

& Convertedfrom rotational constantsA” = 1.798(25xm +, cited in

Ref. 14.

Table 12. Molecular structure (rp) of dimethylgermane

& Dependenparameter.

Table 15. Molecular structure (rp) of ethylgermane

Exptl*® MM3/A
Ge—C 1.949(10) 1.957/0.008
Ge—H 1.522(10) 1.531/0.009
Co—Cs 1.545(10) 1.534/-0.011
C—H 1.093(10) 1.103/0.010
Cs—H 1.091(10) 1.104/0.013
GeCC 112.16(75) 112.15/0.01
HGeH 108.59(75) 108.01/-0.58
GeGH 111.64(75) 110.05/0.59
HGeC 109.74(75) 110.90/1.16
HC,H 106.43(75) 106.47/0.04
HCaH 108.04(75) 107.14/-0.90
CsCH 107.87(75) 108.98/1.12
C,CsH 110.86(75) 111.71/1.05
Momentsof inertia® Expt*® MM3/%
Iy 22.7099 22.7318/0.10
ly 141.057 141.6021/0.39
I, 151.350 151.8699/0.34

& RotationalconstantsA = 22254.227(378MHz,

Expti?” MM3/A B =3528.885(7) MHz, C = 3339.232(16MHz.

Ge—C 1.950(3) 1.949/-0.001 : ; } g

o H 1.083(assumed) 1101/ 'rl'naal?t 16. Torsional energies of methylethyl- and propylger

HCH 108.5(assumed) 108.2/-

Momentsof inertia Exptl*’ MM3/% Compound Ouelletid* MM2  MM3

I3 40.3844 40.6281/0.60 Methyethyl- cis 0.96 1.25 131

ly 90.4722 90.6939/0.25 gauche -0.21 -0.13 -0.09

I, 118.5421 118.7043/0.14 skew 1.26 1.30 1.33
anti 0.00 0.00 0.00

® Rotational constants:A=12522.6MHz, B=5587.68MHz and Propyl- cis 5.90 4.93 5.08

C=4264.5MHz. gauche 0.46 0.62 0.64
skew 3.49 2.58 2.78
trans 0.00 0.00 0.00

Table 13. Molecular structure (rs) of trimethylgermane

Exptl*® MM3/A
Ge—C 1.947(6) 1.946/-0.001
Ge—H 1.532(1) 1.525/0.007
C—H 1.095(assumed) 1.095/—
CGeC(bp) 109.6(1) 109.2+0.4
GeCH 110.97(assumed) 110.7/-
CGeH 109.3(assumed) 109.7/-
Momentsof inerti® Exptl*® MM3/%
Ix=1ly 105.60 106.0489/0.43

@B =4785.88MHz.
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Table 17. Conformational energies of n-methylgermacyclo-
hexane

AG? (kcalmol™)

Compound MM2P MM3 Expt/®
1-Methyl- -0.25 -0.20 -0.24
2-Methyl- 0.89 1.10 —
3-Methyl- 1.34 1.94 —
4-Methyl- 141 1.97 —

& AG = Gay — Gegq
b MM2 valueis the differencein stericenergies.
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Table 18. Molecular structure (rp) of vinylgermane

Table 20. Molecular structure (rg) of cyclobutylgermane

Exptl*® MM3/A Exptl° MM3/A
Ge—G 1.926(12) 1.939/0.013 Ge—G 1.950(4) 1.948/-0.002
Ge—H 1.520(5) 1.520/0.000 Ge—Hav. 1.513(8) 1.529/0.016
C,=C; 1.347(15) 1.339/-0.008 Ci—C» 1.559(7) 1.559/0.000
C—H 1.094(assumed) 1.092/- C—Cs3 1.560(constrained) 1.558/—
C>—H 1.097(assumed) 1.090/- C—H av. 1.085(4) 1.113/0.028
GeCC 122.9(6) 122.67+0.23 C.C,Cy 89.6(7) 87.7~1.9
CGeH 109.7(6) 110.36/0.66 HCH 105.9(32) 112.1/6.5
C,C3Hy 120.35(assumed) 120.55/— C,GeH(eq) 103.7(29) 107.8/4.1
C,C3Hs 120.65(assumed) 121.67/- (ax) 1100 107.8/—
CsCH 118.00(assumed) 119.14/- w1” (eq) 25.3(31) 32.4/5.1
(ax) 20.4(36) 27.4/7.0
Momentsof inertig® Expti®® MM3/% wC (€q) 131.2(11) 130.2/-1.0
(ax) 126.4(19) 129.7/3.3
Iy 15.4446 15.3543/-0.58
ly 131.620 132.2862/0.51 Momentsof inertia Exptl*° MM3/%
I, 140.896 141.5505/0.46
Iy (€q) 56.780 56.9611/0.32
@ RotationalconstantsA = 32721.94MHz, B = 3839.6 MHz, ax 69.902 68.6784/1.75
C=3586.8MMHz. Iy (eq) 320.537 315.7213+1.50
(ax) 281.534 289.4080/2.80
Table 19. Molecular structure (r,) of cyclopropylgermane I(g)((()aq) gggg?g 2821%2217745

Expt®® MO2e:37 MM3/A
Ge—G 1.924(2) 1.9227 1.925/0.001
Ge—Hav. 1.53¢ 1.546  1.524/-0.006
C—C, 1.521(7) 1.5253 1.514/-0.007
C—Cs 1.502(9) 1.5086 1.510/0.008
C—Hav. 1.091(3) 1.078  1.082/-0.009
HCH 118.2(23) 114.40 115.27/-2.93
C,GeH 108.8(12) 1104  109.84/1.04
HC,Ge — 115.48 113.29/—
C,C:Cs — 50.38  59.80/—
C.CCs — 60.36  60.10/-
wy® 55.5(16) — 52.8-2.7
wy? 57.3(19) — 60.5/3.2

& The geometryoptimizationuseda 4-21G(C)/3-21G*(Gebasis.
® Not refinedparameter.

¢ Dihedralanglebetweerline C;—Ge andplaneC,C,Cs.

9 Dihedralanglebetweenline C;—H andplaneC;C,Cs.

€In re units.

Dimethylgermane. The molecular structure of di-

methylgermanehas been determined by microwave
spectroscopy’ The MM3-calculated structure agrees
well with thatobservedseeTable12). Thebarrierto the

methyl rotation was determinedas 1.18(3)kcalmol™?,

comparedwith the MM3 value of 1.23kcalmol™™.

However, the dipole moment of dimethylgermaneis

calculatedtoo large by MM3, 0.73 D, and 0.616(6)D

from experiment.

Trimethylgermane. The molecularstructure,rg value,
of trimethylgermanavasdeterminedrom the rotational
spectrunt? All threemethyl groupswereassumedo be
thesameto determineghe Ge—CbondlengthsandCGeC
bond angles.The observeddata and MM3 resultsare
summarizedn the Table13.
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& Not refined.
Puckeringangle.
¢ The dihedralangleof the Ce—GC; bondand C,C,C, plane.

Table 21. Molecular structure (r,) of germacyclopentane

Exptl*? MM3/A
Ge—C 1.95 (assumed) 1.963/-
Ge—H 1.53(assumed) 1.537/-
C—Cav. 1.53(assumed) 1.539/-
C—H av. 1.09 (assumed) 1.103/-
HCH (6o) 109 (assumed) 107.3/-
HGeH 111 (assumed) 110.1/-
GeCC 106 103.1~2.9
CGeC 98 93.6-5.4
CCC 115 109.3+5.7
Momentsof inertig® Expti*? MM3/%
Iy 94.958 94.8787+0.08
ly 177.866 177.8207/0.03
I, 247.625 247.4586/-0.07

@ RotationalconstantsA = 5323.7MHz, B = 2842.20MHz,
C=2041.52MHz.

Table 22. Molecular structure (rg) of 1-methyl-1-germa-
adamantane

Exptl*® MM3/A
Ge—Cav. 1.954(3) 1.947/-0.007
C—Cav. 1.545(2) 1.546/0.001
C—Hav. 1.112(8) 1.114/0.002
C/GeG 101.8(5) 101.9/0.1
GeGC, 106.3(5) 106.3/0.0
C,C.C3 113.2(50) 113.9/0.7
C.,C.Cs 107.5(15) 109.3/1.8
WC1C2C3C4 57.9 54.3/-3.6
WP 120.4(12)  117.9/25

& The anglebetweenplaneC,C,C; andplaneC;C;C;Cs.
J. Phys.Org. Chem.12, 528-540(1999)
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Table 23. Molecular structure (ry) of digermane

535

Table 25. Torsional barriers of organogermanes

Expti*’ MM3/A
Ge—Ge 2.403(3) 2.403/0.0
Ge—H 1.541(6) 1.535/-0.006
HGeH 106.4(8) 107.0/0.6
GeGeH 112.5(8) 111.9/-0.6

Table 24. Molecular structure of hexaphenyldigermane

Exptl*® MM3/A
Ge—Ge 2.437(2) 2.434/-0.003
Ge—Cav. 1.958 1.954/-0.004
C—Cav. 1.388 1.399/0.011
GeGeCav. 110.8 110.0~0.8
CGeCav. 108.1 109.0/0.9

Tetramethylgermane. Electron diffraction”® was ap-
plied to determine the molecular structure of tetra-
methylgermane,ry value. The methyl barrier was
measuredas 1.3kcalmol™* by far-infrared spectro-
scopy®® which was different from that in an earlier
study,0.65kcalmol~*.3! The former valueis consistent
with the other studiesof methyl-substitutedyermanes.
MM3 givesthe barrieras1.24kcalmol™.

Ethylgermane. Variousmethodshavebeenemployedn

studyingthe structureof ethylgermané®32 The experi-
mentalindividual bondlengthshavea large uncertainty.
The momentsof inertia arefitted very well althoughthe
individual bondlengthsarefitted poorly. Thegermyland
methylbarrierswvere1.41(3)and2.85(3)kcal mol~* from

microwaveanalysis respectively MM3 gives valuesof

1.38and2.71kcalmol™*.

Propylgermane and methylethylgermane. Methyl-
ethylgermaneand propylgermane,which would nor-
mally beusedto determinghetorsionalparameterd—1—
1-31 and 1-1-31-1 have not beenstudiedexperimen-
tally or theoreticallyyet. The ab initio methodcan be
carried on our IBM workstation, but the largestbasis
available in Gaussian90 is STO-3G for germanium,
which would not be expectedo give a goodpredictions
of energiesHowever,thereis a molecule,1-methylger-
macyclohexanehatwe canusefor parametrizationThis
moleculehasbeeninvestigatedn anNMR study>3 From
14¢C and "3Ge chemicalshift data,it was found that the
axialandequatoriaconformershaveanequilibriumratio
of 60:40, which correspondgo the axial isomerbeing
morestableby 0.24kcal mol~. MM3 calculationsgive a
value of 0.20kcalmol™ (AE). Applying this parameter
set,we alsostudiedmethylethylgermanepropylgermane
and2-, 3- and4-methylgermacycloéxane Tablesl6 and
17, show that the MM3 results are similar to those
obtainedby MM2 calculationsandto thosereportedby
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Compound Exptl MM3/A
MethylgermangMe) 1.245 1.23/-0.01
DimethylgermangMe) 1.18(3f"  1.23/0.05
TrimethylgermangMe) — 1.241
TetramethylgermangMe) 1.3° 1.24/-0.06
Ethylgermang(Me) 2.85(3)°  2.71/-0.14
(germyl) 1.41(3}°  1.38/-0.03
Vinylgermane 1.238(57§° 1.21/-0.028
Cyclopropylgermane 1.368 1.32/-0.04
(germyl)
Germacyclopentane 5.9(1f%2  4.01~
(pseudarot.)
Digermane 1 49(920)‘8 1.49/0.00
Cyclobutylgermane\Gay oq 0.74 0.78/0.04
Barriers AEgermy  1.26(eqf®  1.23/-0.03(eq)
1.19(0ax)‘° 1.29/0.10(ax)
AE® 1.24" 1.60/0.36

& Seetext.
b Barrierto interconversiorof the equatorialto axial conformation.

Table 26. Dipole moments of organogermanes

Compound Exptl MM3/A
Methylgermane 0.635(6§6 0.64/0.00
Dimethylgermane 0.616(6%F’ 0.73/0.11
Trimethylgermane — 0.64+
Ethylgermane 0.76(2)}° 0.64/-0.12
Vinylgermane 0.50(3)®° 0.50/0.00
Germacyclopentane 0.665(7}* 0.70/0.03

Ouellette®* For methylgermacyclohexanasthe methyl
groupis shiftedto the 2-, 3- and4-positionsthe effect of
germaniumbecomessmaller and the axial-equatorial
energydifferenceshouldbe closerto thatof cyclohexane
(2.09kcal mol™, AG), andthe trendis shownin Table
17.

Vinylgermane. The ro molecular structure has been
determinecby microwavestudies®® but manystructural
parametersvere assumedThe experimentalquantities
therefore contain sizable uncertainties. The MM3

geometry agreeswith the experimentto within the
uncertaintiesn thelatter. Themomentof inertiaarewell

calculatedseeTable18). The MM3 structureis believed
to be morereliable.

Cyclopropylgermane. The molecular structureof cy-

clopropylgermanehas been determined by electron
diffraction;*® which gavean r, structure.The following

assumptionswvere made to reducethe number of the
experimental structural parameters:all C—H bond
lengthswereequal,and Ge—H bondlengthswereequal
andthegermylgrouphadlocal C3, symmetry A Hartee—
Fock calculation was also reported®” The results are
listed in Table 19. The rotationalbarrier of the germyl
groupis alsowell reproduced].32kcal mol~* by MM3

J. Phys.Org. Chem.12, 528-540(1999)
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compared with the value of

1.36kcalmol~1.38

experimental

Cyclobutylgermane. There are two reports on the
structure and conformationsof this molecule, using
electrondiffraction®® and microwavé® methods.MM3

calculategshe C—C andGe—Cbondlengthscloseto the
experimentalalues,but not the Ge—HandC—H bond
lengths.Sincetherewasonly onelargepeakin the 1.5A

region,it wasdifficult to obtainaccuratandividual bond
lengths. The 2-3 bond lengths appearto have been
constrainedto be too large in the experimentalwork,

forcing the Ge—Hbondto betoo short.We feel thatthe
MM3-calculated Ge—H bond length is more reliable
thanthe experimentalvalue. The C—H bond lengthfor

cyclobutanatself wasdeterminedo be 1.109(3)A (anrq

value) by Kuchitsuand co-workeré* and MM3 givesa
valueof 1.113A. Forcyclobutylgermanethe C—H bond
length was reportedto be 1.085(4)A, comparedwith

1.113A by MM3. Thereis noobviousreasorfor thisC—
H bondshorteningThefour-membereding is calculated
to be slightly more puckeredby MM3 than is found
experimentally. The free energy difference between
equatorialand axial conformerswas determinedexperi-
mentally to be 0.74kcalmol™3° and MM3 gives
0.78kcalmol™*. Also, the germyl group rotational
barriersare fitted fairly well (see Table 25). Moments
of inertiaarepoorly reproducedecausef thelack of a
torsion—bendinteraction?® This error is found in all

monosubstitutedyclobutanesvith MMS3.

Germacyclopentane. Four isotopic speciesof germa-
cyclopentanehave beenstudiedby microwavespectro-
scopy?to determinedhemolecularstructure Eventhen,
the structuralparametergould not be determinedunless
the valuesof someparametersvere assumedOnly the
CGeC, CCGe, CCC and twist angles were then
determined.The MM3-calculatedindividual parameters
for this heterocyclidive-membereding compoundagree
poorly with experiment,but the momentsof inertia are
fitted fairly well. This suggestshattheconstraintplaced
upon the experimentalinterpretationof the data were
inadequatendwe feel thatthe MM3 structureis better.
The microwave study indicated that the C, half chair
form was more stable than the Cs envelopeform by
1.4kcalmol™®. A far-infrared study by Durig et al.
showedthatthe barrierto pseudorotatioiin germacyclo-
pentane was 5.9kcalmol™*.** The same barrier of
silacyclopentane was determined to be 3.9-
4.04kcalmol™*.** We therefore believe the value for
germacyclopentanis too high. The Ge—Cbondis only
slightly longer than the Si—C bond, and the barrier to
pseudorotationshould be similar to the barrier for
silacyclopentaneMM3 calculation gives the C, form
as the most stable, and the Cs form is higher by
4.01kcalmol™?, which is the heightof the pseudorota-
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tional barrier. The MM3 energyof the planar form is
5.81kcal mol~! abovethe C, form.

1-tert-Butylgermacyclohexane. The conformational
energyof 1-tert-butylgermacycloheane has beenesti-
mated from the *°C and °Ge NMR spectrd’® It was
found by MM3 that the equatorialconformeris more
stable by 0.62 and 1.47kcalmol™! for AE and AG,

respectively. The value determined by NMR was
1.3kcalmol™* (AG). The MNDO methodgavea value
of 0.60kcalmol™* (AE). The earlier MM2 calculations
showedan energydifferenceof 0.33kcalmol~* andan
old molecularmechanicsalculationby Ouelletté” gave
1.23kcalmol ™.

1-Methyl-1-germaadamantane. The structureof this
compoundappearsto have beenwell determinedby
electron diffraction.*® The MM3 structure (Table 22)
agreeswith the experimentaktructurefairly well, except
for the averageGe—Cbondlength,which is calculated
tooshortby 0.007A. Theexperimental/alueseemswell
determined,and the MM3 value is thoughtto be less
accuratefor unknownreasons.

Digermane. This molecule has been studied by the
electrondiffraction method?*’ No spectroscopistudyhas
beenpublishedfor digermandtself, but from the IR and
Ramanstudiesof the hexaphenyHerivativein the solid,
the Ge—Gestretchingmodewasobservedn theregionof
220-250cm 1. MM3 givesavalueof 225cm™* for that
mode for digermane.The Ge—Ge bond length was
determinedo be2.403(3)A (rg), comparedvith the Si—
Si bond length, 2.331(2)A in disilane, and the C—C
bondlengthin ethane,1.534(2)A. The changein bond
length on going from silicon to germaniumis much
smallerthanthe changeon going from carbonto silicon,
as expected MM3 calculatedthe Ge—Gebond length
to be 2.403A. The GeH; barrier was determinedto
be 1.49(20)kcalmol%*® and MM3 also gives
1.49kcalmol (AE).

Hexaphenyldigermane. The molecular structure of
hexaphenyldigermanhas beendeterminedusing x-ray
crystallography*® Thesolid-phaséR andRamarspectra
were also recorded. The GeGeC bending frequencies
werefoundaround200cm™*, andwereusedto determine
the GeGeCforce constant.The Ge—Gebondlengthis
stretched out to 2.434A by MM3 calculation, in
agreementwith the experimentalvalue of 2.437(2)A.
The CGeCand GeGeCanglesare 109.0and 110.0 as
given by MM3, comparedwith the experimentalvalues
of 108.1and110.8, respectively.

Heats of formation

The heatsof formation for moleculesof this classwere
J. Phys.Org. Chem.12, 528-540(1999)
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Table 27. Heats of formation of germanes?

Compound W H¢® SumH Steric Pop TORS TR Calc.A
Tetraethylgermane 5 —34.6(1.2) -77.83 6.63 0.0 1.68 2.40 —34.73+0.14
Tetran-propylgermane 5 —54.9(1.0) —104.76 10.65 1.2 3.36 2.40 —54.90/0.13
Hexaethyldigermane 5 —75.5(2.2) —-116.75 -9.13 0.0 2.94 2.40 —75.50/0.00
Bestvalues:

Ge—C=8.0962 Ge—Ge= —-3.5375

Standarddeviation=0.11

& W= Weight.

alsocalculatedusingthe usualmethod>° Unfortunately,
there are very limited dataavailable,for tetraethylger-
mane, tetran-propylgermaneand hexaethyldigermeae.
Additionally, the experimentaldat&® have fairly large
errors (1.5kcalmol™* on average).They are all fitted
fairly well, but the small standard deviation
(0.106kcalmol ™) is a result of the limited data.Only
two parametersverederived thebondincrementof C—
Ge and Ge—Ge. The Ge—H bond increment and
structural features are missing becauseno data for
moleculescontainingthesemoietieshavebeenreported.
TheMM3 resultsaresummarizedn Table27.Wewould
expect that heats of formation can be calculated for
tetraalkylgermaas and hexaalkyldigermaes with an
expectecerror of about2 kcalmol 2.

Parameterization

A reviewer asked that we outline just how the
parameterizatiowas donein the work describedhere.
We will try to give here sufficient detail so that the
processould berepeatedy someoné&nowledgeablén

molecular mechanicsand in eachof the experimental
methodsdiscussed.

Thestandardgrocedurdor fitting parameterso datais
to use the least-squaresnethod, and weight the data
proportionally to the inverse of their experimental
errors®? We tried to do this long ago>? but found that,
generally, much betterresultscould be obtainedin the
following way. One needsto start with a trial set of
parameters.These can how be conveniently obtained
from theMM3 programitself.>* Lackingthat,onesimply
needso guesssomeapproximatenumbers(estimateof
bond lengths,angles,stretchingand bending constants
andthelike). Onethencarriesoutgeometryoptimization
calculationson all of the moleculesin the dataset,and
examinegheresults Forthe mostpart,theresultsshould
bewithin the‘ballpark.’ Thatis, thebondlengthsmaybe
in errorby 0.03A, theanglesby 5-1C, etc.,but at least
one hasan approximatestructurefor eachmolecule,an
initial estimateof thevibrationalspectrum(+ 100cm™ ")
and approximateparametersThe point is to thenrefine
the parameterso asto reproduceoverall the structures
andotheravailabledataaswell aspossible.The reason
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why a brute-forcetype least-squareét is generallynot
very good is that one usually does not have reliable
estimate®f theexperimentakrrors,andthereforecannot
reliably weight the termsthat go into the fitting. Some
reasonswhy the experimentalerrors are not accurate
include the fact that the experimentaldatamay spana
time period of up to 50 yearsor so. Many kinds of
systematierrorswereuncoveredandgraduallyreduced
over that period. Since the measurementgome from
many different laboratories,one doesnot know when
various improvementswere incorporatedin a given
laboratory,andthereforethereis no straightforwardway
to allow for this chronologicaleffect in weighting the
data.At leasttwo othermajor problemsarise.The most
importantof thesds thatwhenelectrondiffraction, x-ray,
neutrondiffraction or microwavedataarebeingfitted by
theexperimentalistén the derivationof thestructurepne
determinesan ‘estimated standard deviation’ in the
structural parametersThis is a measureof how well
the structurefits the data,but frequentlynota measuref
how accuratethe structure is. The problem is that
different structuresmay equally well fit the data. For
example,a radial distribution peakmay be madeup of
two Gaussianpeaks, each of which has some half
bandwidth. It is not possible from this experimental
information alone to determineif thosetwo lines are
fartherapartwith relatively smallvibrationalamplitudes,
or closer together with large vibrational amplitudes.
However,whatonecando is to measurehe averageof
the two with good accuracy. In comparing with
experimenthen,onemay find onemolecularmechanics
bond length is too long relative to experiment,and
anotheris too short, but the averageis just right. This
probablymeanghatthe molecularmechanicsraluesare
correct.Theindividual experimentalaluesareoftennot
accurate but the averageis (which is what is actually
measured)Consequentlysuchreportedindividual bond
lengthsneedto be given minimal weightin this case.
Microwave data are difficult to interpretin another
way. If one has enoughisotopic data, then one can
generatean rg structure. However, the relationship
betweenthe rg structureand any otherkind of structure
(e.g.the rg structureobtainedfrom electrondiffraction)
wasnhot knownuntil recently.z“alf anr, or r, structureis
obtainedinstead,the rotational frequenciesupon which
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this structureis basedare usually accurateto five or six
decimal places.However, normally one hasto assume
variousthings aboutthe moleculein orderto be ableto
solve the structure.Thus the accuracyof the structure
obtainedis highly dependentupon theseassumptions,
regardlessof the accuracy to which the rotational
frequenciesare measuredFinally, it is now pretty clear
just what the differencesare betweenre, rg, r,, I, etc.
structuresandit is possibleto interconvertthem fairly
accurately(see Ref. 24 and referencescited therein).
Someof theseinterconversionsavebeenunderstoodor
many years>> but some have not?** We have always
fitted MM2 and later force field structuresto rq. If the
experimentaktructureis somethingelse,aninterconver-
sion mustbe madebeforethey canbe compared.

X-ray data are especially problematic. X-rays are
scatteredby electrons, not by nuclei. Hence x-rays
measure positions of electron density, not nuclear
positions,and the structureis found asit existsin the
crystallattice. The structurein thelattice may be similar
to that of the isolatedmolecule,or it may not, andit is
often found that an accuratestructurefor the isolated
moleculecannotbe found from the availabledata.

Thermal motion is also a major problem in the
interpretationof x-ray data.Bondlengthsarecommonly
measuredoo shortby x-ray methodsby up to 0.015A
from this effect, if the measurementare madeat room
temperature.Coupled with the problem that x-rays
measureelectron density positions rather than nuclear
positions, the ‘atomic positions’ are often misplaced
relativeto the nuclearpositionsby asmuchas0.03A in
routine crystallographicstudies.Obviouslyerrorsof this
size are a disasterin force field calculations.Although
thesethings are well understoodthey are not widely
understoodand they are often dealt with poorly in the
existingliterature.

Accordingly, ratherthanto try formally to weightthe
data,in mostcaseswe simply examinedthe calculated
structuresand comparedthem with the experimental
structures.There usually appearto be errors, but when
oneconsiderghe individual apparenterrorswith respect
to the kinds of thingsthat are discussedbove,one can
reacha conclusionabout the ‘weight’ that should be
applied to that particular information. Hence this
‘weighting’ is not donein a programmedway, but is
based upon the experienceof the person doing the
weightingon a caseby casebasis.Onemight arguethat
oneshouldactuallyhavearigorousprogrammednethod
for carrying out this weighting, so as to make it
reproducible.However, this is rather like saying that
our legal systemshouldbe sufficiently detailedsothat it
alwaysworks.(Experiencéhasshownthatastime passes,
the legal systembecomesdncreasinglycomplex,forbid-
dingly so in fact, but thereis no indication that it is
working any betterthanit did previously.)

In the 1970s we in fact tried to automatethese
proceduresothatall of thesethingswould betakencare
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of in aprogrammedvay. We werenot ableto do this at
all well, andeventuallyconcludedhatthe systemwhich
we used,andstill use,is really the bestthatcanbe done,
for the mostpart. It shouldbe pointedout that we work
with relatively limited data sets,where the datacome
from avariety of sourcesandexperimentatechniquesso
that one doesnot mentally haveto processvery many
numbers.Also, the datasetsare highly redundantOne
wants to make sure that one fits ‘independent’ data.
However, often the same information is obtained
repeatedlyfrom additionalmolecules so that additional
dataareredundantata,andthey areof no help.

The aboveis not as straightforwardas it may seem.
The problemis that often one doesnot know (exactly)
what the force field shouldbe like, thatis to say,what
kinds of terms should be presentin the force field
equationsyhenoneis carryingoutthe parameterization.
Hencethe parameterareadjustedo fit thedata,with the
assumptionthat the force field itself is adequate That
means that errors in the force field from omitting
significanttermsaretakenup in the parameterizatiorf
otherterms.Dependingon the importanceof whatterms
were left out, a cascadeof problems may result.
Neverthelessthe whole procedureworks fairly well (to
someapproximation)so that evena diagonalquadratic
forcefield like MM2 (which Haglerandco-workersrefer
to asClass1°®) will give a reasonabldit to mostof the
data (otherthan vibrational spectra,and eventhoseare
roughlycorrect).Class2 andClass3 forcefieldsdobetter
(Class2 force fields contain off-diagonal elementsand
anharmonicterms, whereasClass 3 force fields allow
specifically for chemical effects). MM3 is a rather
minimal Class3 force field.® Thatis, it is known from
more detailedstudieson various classesof compounds
that certain cross-termsleft out of MM3 limit the
accuracyof the spectroscopicalculations.” However,
MM3 containsonly a few specificwell definedcross-
terms, so that what is really neededto improve the
frequencycalculationsis not part of MM3.

Some parts of thesecalculationshave in fact been
highly automated.For example,in the calculation of
heatsof formation,oneusuallyhasa sizablebodyof data
where the accuraciesof the measurementsire indeed
known. Therefore,one can apply standardeast-squares
methodswith reasonableonfidenceOf coursethereare
alwaysoutliersin any suchstatisticalprocedureandone
mustdecidehow they will be handledon anindividual
basis.

Theuseof quantummechanicatlatagreatlyfacilitates
forcefield parameterizatiorhutit comeswith its own set
of problems.The most difficult part of the force field
parameterizationfrom experimentaldata has usually
beento find the appropriatetorsional potentials.These
canmorereadily be determinedrom quantummechan-
ical calculationsthan from experiments However, the
accuracyof thesetermsis more or lesssensitiveto the
size of the basissetusedfor the calculation,the amount
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of correlationincludedin the calculationandthe type of
structure involved. For saturatedhydrocarbonsi,it is
knownthatto obtaina‘converged’resultfor thetorsional
potential, one needsto include triple zeta (but not
guadruplezetaor higher)basisfunctions,andoneneeds
toincluded orbitals(butnof orbitals).Anything lessthan
completecorrelationis suspect® However,this is only
for a hydrocarbonlt may be reasonablypresumedhat
for functionalizedmoleculeshigherlevelsof calculation
will be neededput just how high is somethingthat will
still have to be determinedfor individual classesof
compoundsSuchstudieshavenot yet beenreportedin
theliterature,andtheymaynotbeasstraightforwardasis
often assumed® Then, of course, the r. Sstructure
obtainedin this way hasto be convertedto whatever
kind of experimentalstructureis usedfor comparison.
The literature aboundswith statementssuch as ‘the
molecularmechanicsC—H bond lengthsdo not agree
with the ab initio values’ andthe differencesare large
(about 0.03 A). However the agreementis in fact
excellentwhen the re value is convertedto ry before
the comparisons made(lessthan0.01 A). The erroris
notin thecalculationsbutin thecomparisorof quantities
thatarenot comparable.

With systemshat are reasonablycomplicated,it can
be non-trivial to determinetorsional potentials, even
havingadequatguantummechanicabdata.If we havea
systemin which therearetetrahedrahtomson bothends
of abond,andwe considerotationaboutthatbond,if all
of the substituentsare different, then we needtorsion
potentials for nine different atom pairs, and these
potentialsmust contain at a minimum V4, V, and V3
terms (a total of 27 parameters)One rarely (probably
never)hasthatmuchinformation.Fortunatelyjn practice
oneusuallyhasa muchsmallernumberof interactiongo
consider.Nonethelessif onehasthesekinds of datafor
severalmolecules,then determiningall of the torsion
parametersanbeaformidablejob. Programghatutilize
least-squaremethodshavebeenwritten to assistin this
procesge.g. TORSFIND®). It is sometimedifficult to
be certainthat one hasarrived at a uniquefit, or evena
generallyacceptabléit*. Onehasto work with thosedata
thatareavailable.

This is anoutline of the schemehatwe appliedin the
presentaseandthatwe generallyapply,in developinga
parameterset for a new classof compoundsHeatsof
formationarenormallyfairly usefulin uncoveringerrors
that otherwisewould slip byt, but in the presentcase
insufficientsuchdataare availableto be useful.

* In fact, uniquefits arethe exceptionratherthantherule. Theremay
be more adjustableparametershandata,so the bestonecando is to
pick a parameterset that fits the data, and that seemsphysically
reasonableAutomatic proceduresometimegive torsionalconstants
of dozens(or more) of kcalmol™, where the observablesare small
differencesetweerargenumbersTheseusuallyhaveto bediscarded
asphysicallyunreasonablegventhoughthey mayfit the data.

T Becausethey can give many datapointsto fit with few adjustable

parametersheyapplyconstraintsothaterrorsimposedby otherparts
of the force field may thenbecomeobvious.

Copyright0 1999JohnWiley & Sons,Ltd.

Thetestthenis how well the forcefield fits the datat.
All of the constantdeterminedn the presentwork are
given,togethemwith all of the datacalculatedwith MM3
usingtheseconstantsandthe correspondingxperiments
to which theywerefitted. Any of this canbe checkedoy
carryingout the calculationsandobtainingthe results.In
ourjudgmentthisis the bestfit thatwe areableto obtain
from this force field for thesedata. Often in the past
someonehas been interestedin a small subset of
compoundsand has observedthat by changinga few
constantsthat subsetcould be fitted more accurately.
Normally suchchangesntroducevery large errorsand
unwantedesultsin variousotherplaceshowever sothat
a force field basedon limited information is a very
dangeroushing8. We do not recommendhis procedure.
On the otherhand,if onewishesto changesomeof the
parametersandthenreoptimizethe entire datasethere,
theresultswill indeedchange Somemay be better,and
someworse. Which set is better may be a matter of
judgment.In ourjudgmentwe havechosertheoptimum
parameteset,basedon the availabledatacited here.

CONCLUSIONS

This MM3 study shows that organogermanesan be
treatedessentialllike hydrocarbonsandtheaccuracyof
the results are of ‘experimentalaccuracy’ (exceptfor
spectra)Thevibrationalspectraof ninecompoundsvere
reasonablyreproducedwith anr.m.s.error of 42cm ™,
whichis similar to thatfor hydrocarbong35cm™ ). The
molecularstructuresof 13 organogermanewere calcu-
latedfamily well by MM3. The momentsof inertiawere
also fitted well to experimental data, mostly, with-
in + 0.5% exceptcyclobutylgermaneThis error can be
fixed by inclusion of torsion—bendnteraction(which is
availablein MM4, butis not partof theMM3 forcefield).
The rotational barriersand conformationalenergiesare
adequatelycalculated.
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¥ Whatwe really would like to know is how well the force field will
predictunknownstructuresWe cannotknow thatwith certainty,butif
the data usedin the parameterizatiorare highly diverse,then the
accuracy of the fit to those data will probably approximatethe
reliability appliedto other structures.In a sensethe force field is a
fancyinterpolationschemeHowever,if it is usedfor anextrapolation
(for examplejf oneis makinga predictionregardinga bondanglethat
is far more bent than any known anglesin the data set), then the
accuracyis suspectHencetheforcefield haslimits, but someof these
limits may not be well definedor evenrecognized.

§ It correspondgo having far more adjustableparametershan data.
Obviously the data can indeed be well fitted. Such a force field,
however,is probablygoingto be generallyuselesspr worse.
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