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ABSTRACT: The MM3 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. Copyright 1999 John Wiley & Sons,
Ltd.
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INTRODUCTION

Molecular mechanics has become a powerful tool for
studying molecular structures and conformational en-
ergies during the past two decades. The MM2 force field,
which has been widely used, gives generally good results
for structures and energies for a wide variety of
compounds.1 A previous MM2 study on Group IV
organometallanes (germanium, tin, and lead) has been
published.2 However, early versions of MM2 gave some
minor errors, which were later corrected. Nevertheless,
there still appear to be some significant systematic errors,
and it would require substantial efforts to fix them.
Instead of trying to revise the MM2 force field, a new
force field (called MM3)1 was instead developed.3 The
MM3 force field has been applied to a variety of
compounds including hydrocarbons,3 alkenes,4 alcohols
and ethers,5 aldehydes and ketones,6 amines,7 conjugated
alkenes,8 nitro compounds,9 sulfides,10 disulfides11 and
conjugated carbonyls.12 In this paper, we are concerned
with the extension of MM3 force field to deal with the
organogermanes.

Unlike MM2, which fit structures and energies only,
we would also like to reproduce the vibrational spectra
here and these were studied first, using approximate
structures as obtained from MM2 parameters. This fairly
well determined the force parameters. We then adjusted
the other parameters, such as natural bond lengths, bond
angles, bond moments, etc., to give the best fit to the
experimental structures, conformational energies and
rotational barriers. Organogermanes, which are the
analogs of the silanes and corresponding hydrocarbons,
usually are tetrahedral with threefold rotational barriers.

In silanes, the bond lengths showed significant electro-
negativity effects, whereas in germanes the electronega-
tivity effect is still present, but it is much less significant.
The vibrational spectra of six compounds, and the
molecular structures, dipole moments and rotational
barriers of 11 compounds were examined. The final
parameter set derived is listed in Table 1.

RESULTS AND DISCUSSION

Vibrational spectra

There are eight organogermanes that have been studied
spectroscopically.13–22 Those are germane, methylger-
mane, trimethylgermane, ethylgermane, vinylgermane,
cyclobutylgermane, germacyclopentane and phenylger-
mane. From previous experience,3–12 in order to fit the
spectra better, some cross-terms such as the torsion–
bend–bend interaction are needed. However, such terms
are not part of the MM3 force field. We therefore accept
the resulting errors. The MM3-calculated vibrational
spectra for these eight germanes are summarized in the
Tables 2–9. The average MM3 Ge–H and Ge–C
stretching modes are 2085 cmÿ1 (over 18 bonds) and
547 cmÿ1 (over eight bonds), compared with the experi-
mental values of 2084 and 551 cmÿ1, respectively. The
skeletal bending modes, GeCC and CGeC, which are
experimentally in the region averaging around 239 cmÿ1,
are also well reproduced by MM3, 244 cmÿ1. However,
the modes involving hydrogen bendings show problems
similar to those previously found with other compounds.
Normally, the asymmetric and symmetric GeH3 defor-
mations are in the region of 900 and 800 cmÿ1,
respectively. There is a troublesome mode in vinylger-
mane, the CH2 rock, which was experimentally assigned
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at 877cmÿ1, while MM3 gives 1050cmÿ1. However,
therewasanothermode,theGeH3 deformation,wasalso
assignedat 887cmÿ1 which turnedout to be reasonable
for germyldeformation.Webelievethattheremightbea
frequencymissedor simply misassigned.Thecalculated
spectrumof germacyclopentanehas severalvibrations
with very large errors,especiallyan ‘A’ symmetryring
C–C stretchingmodewhich is 177cmÿ1 too high anda
‘B’ symmetryCH2 rock mode which is 219cmÿ1 too
low. Ther.m.s.erroris calculatedto be56cmÿ1, whichis
muchlargerthanwe would like to have,andtheaverage

Table 1. The MM3 parameter set for organogermanesa,b

Stretching parameters

Bond ks l0

1–31 2.72 1.949
5–31 2.55 1.529
2–31 3.58 1.935
22–31 2.70 1.911
31–31 1.45 2.404
1–31c 2.95 1.944
31–56 2.05 1.944

Bending parameters

Angle k� �0 Type

5–31–5 0.423 107.5 1
108.5 2
109.5 3

1–31–5 0.390 110.2 1
110.5 2
111.5 3

5–1–31 0.420 110.0 1
111.9 2
110.0 3

1–31–1 0.500 109.5 1
109.8 2
110.5 3

1–1–31 0.450 109.3
2–2–31 0.250 119.1
5–2–31 0.510 120.0
2–31–5 0.390 110.1
2–31–2 0.500 109.5
22–22–31 0.500 117.0
5–22–31 0.400 119.0
5–31–22 0.400 108.8
5–31–31 0.350 114.5
2–31–31 0.500 109.5
1–1–31c 0.680 105.5
1–31–1c 0.570 100.0
5–31–56 0.510 105.2
5–56–31 0.400 110.2
31–56–56 0.460 110.0
2–31 0.10

Torsional parameters

Dihedralangle V1 V2 V3

5–1–31–1 0.000 0.000 0.127
5–1–31–5 0.000 0.000 0.132
1–1–31–5 0.000 0.000 0.172
5–1–1–31 0.000 0.000 0.185
1–1–31–1 ÿ0.200 0.085 0.112
1–1–1–31 ÿ0.200 0.000 0.112
2–2–31–5 0.000 0.000 ÿ0.245
5–2–31–5 0.000 0.000 0.175
5–2–2–31 0.000 6.450 0.000
2–2–2–31 0.000 6.450 0.000
22–22–22–31 0.000 0.000 0.132
22–22–31–5 0.000 0.000 0.285
5–22–31–5 0.000 0.000 0.285
5–22–22–31 0.000 0.000 0.132
5–31–31–5 0.000 0.000 0.165
2–2–31–31 0.000 0.000 0.132
2–31–31–2 0.000 0.000 0.132
1–1–1–31b ÿ0.200 0.000 0.520

Table 1. (continued)

Torsional parameters

Dihedralangle V1 V2 V3

2–2–31–2 0.000 0.000 0.132
5–2–31–2 0.000 0.000 0.175
5–31–56–5 0.000 0.000 0.130
5–31–56–56 0.000 0.000 0.130
5–56–56–31 0.000 0.000 0.110
31–56–56–56 0.000 0.000 0.110
1–1–1–31c 0.000 0.000 0.520

Bond moment parameters

Bond Moment

1–31 ÿ0.635
2–31 ÿ1.120
22–31 ÿ0.500
31–31 0.000
1–31c ÿ0.495

Van der Waals parameters

Atom type � r*

31 0.200 2.440

Electronegativity correction

Bond Endof bond Atom type Correction

5–31 31 31 0.006
2–2 2 31 0.002
5–31 31 1 0.008

Stretch–bendparameter

Atom type ksb

X—Ge—Y 0.45
X—Ge—H 0.00

a Theatomtypenumbersarethoseusedin MM3; 1 is saturatedcarbon,
2 is unsaturatedcarbon,5 is hydrogen,22 is three-memberedring
carbon,31 is germaniumand56 is four-memberedring carbon.X and
Y areheavyatoms.
b Somevaluesin this parametersetaresomewhatdifferent from those
in MM3(96). The valuesmarkedwith an asteriskin MM3(96) were
only preliminaryandif thatversionof MM3 is usedfor calculationson
organogermanes,theparametersgiven in thetablesshouldbereadin.
Theseparameterswill be includedin MM3(99) andlater versions.
c Parameterfor five-memberedring.
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errorisÿ5 cmÿ1. Next is cyclobutylgermane.At timethe
forcefield for cyclobutanewasdeveloped,themolecular
structureand heat of formation were carefully repro-
duced,but the vibrational spectrumwas not examined.
Therefore, the force parametersfor open-chaincom-
poundswereused,andthosering deformations(includ-
ing stretchingandbending)werenotadequate.Ther.m.s.
andaverageerrorsfor cyclobutaneitself werelaterfound
to be 88 andÿ45cmÿ1. The MM3-calculatedspectrum
of cyclobutylgermaneshowsrelatedlarge errors in the
modesinvolving CH2 bending(Table 7), althoughthe
r.m.s.andaverageerrorsarenot sobad.Thespectrumof
phenylgermanewas reported by During et al.21 The
symmetryassignmentof this moleculeby MM3 andby
experimentare different. MM3 gives C1 symmetryand
experimentalassignmentswerebasedon C2v symmetry.
In Table 9, we list the spectrumbasedon the MM3
vibrational motions, and ignore the symmetry. This
spectrumwasnot includedin statisticalcalculations.The
r.m.s.andaverageerrorsof 176 vibrational frequencies
over a set of sevengermanesare 42 and ÿ12cmÿ1,
respectively.Thesmallvalueof thelatterindicatesa lack
of any serioussystematicerror, while the r.m.s.error is
similar to thatfor hydrocarbons(35cmÿ1) andis aboutas

Table 2. Vibrational spectra of germane

Symmetry No. Exptl13 MM3 D Assignment

A1 1 2111 2071 ÿ40 Sym.Ge–Hstr.
E 2 931 956 25 GeH3 def.
T2 3 2111 2090 ÿ21 Asym. Ge–Hstr.

4 821 795 ÿ26 GeH3 def.
R.m.s. 26
Av. ÿ15

Table 3. Vibrational spectra of methylgermane

Symmetry No. Exptl15 MM3 D Assignment

A1 1 2938 2882 ÿ56 Sym.C–H str.
2 2085 2076 ÿ9 Sym.Ge–Hstr.
3 1254 1225 ÿ29 CH3 def.
4 843 770 ÿ73 GeH3 def.
5 602 601 ÿ1 Ge–Cstr.

A2 6 155 175 20 Ge–Ctorsion
E 7 2997 2981 ÿ16 C–H str.

8 2084 2089 5 Ge–Hstr.
9 1428 1418 ÿ10 CH3 def.
10 900 907 7 GeH3 def.
11 848 799 ÿ49 CH3 rock
12 506 544 36 GeH3 rock

R.m.s. 31
Av. ÿ11

Table 4. Vibrational spectra of trimethylgermane

Symmetry No. Exptl18 MM3 D Assignment

A1 1 2982 2982 0 Asym. C–H str.
2 2922 2882 ÿ40 Asym. C–H str.
3 2040 2084 44 Sym.Ge–Hstr.
4 1426 1419 ÿ7 Asym. CH3 def.
5 1246 1223 ÿ23 Sym.CH3 def.
6 833 804 ÿ29 Sym.CH3 rock
7 571a 559 ÿ12 Sym.Ge–Cstr.
8 187 171 ÿ16 Sym.GeC3 def.

A2 9 — 2981 — Asym. C–H str.
10 — 1418 — Asym. CH3 def.
11 — 793 — CH3 wag
12 — 141 — Ge–Ctorsion

E 13 2982 2982 0 Asym. C–H str.
14 2981 ÿ1 Asym. C–H str.
15 2922 2882 ÿ40 Asym. C–H str.
16 1426 1418 ÿ8 Asym. CH3 def.
17 1418 ÿ8 Asym. CH3 def.
18 1246 1223 ÿ23 Asym. CH3 def.
19 850b 803 — Asym. CH3 rock
20 833 800 ÿ33 Asym. CH3 wag
21 624b 712 — CGeHbending
22 592 599 19 Asym. Ge–Cstr.
23 187 196 9 CGeCbending
24 — 145 — Ge–Ctorsion

R.m.s 20
Av. ÿ9

a Valuestakenfrom solid-statespectrum.
b Values taken from solid-state spectrum; two modes (850 and
624cmÿ1) were heavily coupledand reverselyassigned.The MM3
assignmentsaregiven in the table.

Table 5. Vibrational spectra of ethylgermane

Symmetry No. Exptl16 MM3 D Assignment

A' 1 2967 2964 ÿ3 Asym. CH3 str.
2 2931 2882 ÿ49 Sym.CH3, CH2 str.
3 2885 2868 ÿ17 Asym. CH3, CH2 str.
4 2079 2090 11 Asym. Ge–Hstr.
5

�
2076 ÿ3 Sym.Ge–Hstr.

6 1470 1456 ÿ14 Asym. CH3 def.
7 1422 1441 19 Asym. CH3 def.,

CH2 sci.
8 1379 1404 25 Asym. CH2 sci.,

CH3 def.
9 1232 1295 63 CH2 rock
10 1030 1002 ÿ28 CH3 rock
11 974 967 ÿ7 C–Cstr.
12 888 903 15 GeH3 def.
13 836 769 ÿ67 GeH3 def.
14 618 574 ÿ44 Ge–Cstr.,GeH3 rock
15 524 529 5 GeH3 rock, Ge–Cstr.
16 230 254 24 GeCCbending

A@ 17 2970 2965 ÿ5 Asym. CH3 str.
18 2957 2927 ÿ32 Asym. CH3 str.
19 2085 2089 4 Asym. Ge–Hstr.
20 1464 1467 3 Asym. CH3 def.
21 1238 1158 ÿ80 CH2 twist
22 979 998 9 CH3 wag
23 880 906 26 GeH3 def.
24 723 750 27 CH2 wag
25 492 540 48 GeH3 wag
26 — 223 — C–Ctorsion
27 — 124 — Ge–Ctorsion

R.m.s. 33
Av. ÿ3
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goodascanbeexpectedfrom a forcefield containingas
few cross-termsasMM3.

Sincegermaniumis slightly elecropositive,we might
expect that its substitution into a hydrocarbonwould
causethe C—H bond lengths in methylgermane,for
example,to stretch slightly. This stretchingwould be
small and hard to measuredirectly, but the stretching
frequenciesof theC—H bondscanbeusedasasensitive
measure of bond length.23 These show that C–H
stretchingis negligible.For ethylgermane,thestretching
appearsto be 0.011Å, but the experimentalerror is
0.010Å, and the stretching, if any, is too small to
measurewith certainty.

Structures and energies

MM3 is designed to reproduce gas-phaseelectron
diffraction structures,which usually are given in rg

units.3 Since the different experimentalmethodsgive
structuresin differentunits(rg, ra, rs, etc.),it is important
to comparetheMM3 andexperimentalvaluesin thesame
units.Thesevariousinterconversionsmaybecarriedout
using the MM3 program.24 Therefore,throughout the
presentstudy,we convertedthestandardrg valuesto the
units reported in the individual experimentsbefore
making comparisons.There are several isotopes of

germanium(70Ge–76Ge),a few of which havelargeand
roughly equalnaturalabundances.Here we specifically
used the moments of inertia correspondingto the
principal isotope(74Ge) to comparethe calculatedand
experimentalvalues.The molecularstructuresof orga-

Table 6. Vibrational spectra of vinylgermane

Symmetry No. Exptl19 MM3 D Assignment

A' 1 3066 3103 37 =CH2 str.
2 3003 3045 42 =CH str.
3 2959 3007 48 =CH2 str.
4 2090 2089 ÿ1 GeH3 str.
5

�
2076 ÿ14 GeH3 str.

6 1595a 1602 7 C=C str.
7 1398 1430 32 =CH2 sci.
8 1268 1225 ÿ43 =CH in-plane-

bending
9 887b 1046 — =CH2 rock

10 887 903 16 GeH3 def.
11 834 755 ÿ79 GeH3 def.
12 639 639 0 Ge–Cstr.
13 543 538 ÿ5 GeH3 wag
14 267a 289 22 GeC=C bending

A@ 15 2090 2090 0 GeH3 str.
16 1007 1062 55 =C–H out-of-plane

bending
17 950 906 ÿ44 =CH2 wag(out-of-

planebending)
18 876 903 27 GeH3 def.
19 524 558 34 GeH3 wag
20 420 446 26 =CH2 twist,

GeH3 twist
21 — 127 — Ge–Ctorsion

R.m.s. 35
Av. 8

a Valuestakenfrom liquid Ramanspectrum.
b Seetext.

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

Symmetry No. Exptl22 MM3 D Assignment

A' 1 2980 2983 2 g-CH2 str.
3019a 2983 ÿ36

2 2968 2978 10 b-CH2 str.
2961a 2978 17

3 2927 2920 ÿ7 g-CH2 str.
2935a 2931 ÿ4

4 2919 2914 ÿ5 a-CH str.
5 2873 2899 26 b-CH2 str.

2879a 2900 21
6 2072 2089 17 GeH3 str.
7 2068 2075 7 GeH3 str.
8 1473 1383 ÿ90 g-CH2 def.
9 1451 1330 ÿ121 b-CH2 def.

10 1262 1294 32 a-CH in-planebend
1269a 1262 ÿ7

11 1231 1157 ÿ74 b-CH2 wag
1236a 1169 ÿ67

12 1201 1079 ÿ22 b-CH2 twist
13 1067 1031 ÿ36 Ring def.

1036a 1021 ÿ15
14 999 981 ÿ17 Ring breathing
15 883 895 12 GeH3 def.
16 853 878 25 b-CH2 rock
17 828 846 18 GeH3 def.
18 692 707 15 Ring def.

708a 709 1
19 598 588 ÿ10 g-CH2 rock
20 588 562 ÿ26 GeH3 rock

675a,b 496 —
21 440 410 ÿ30 Ring-Gestr.

484a 459 ÿ25
22 262 261 ÿ1 Ring-Gebend

260a 260 0
23 135 148 13 Ring puckering

107a 130 23
B 24 2956 2978 22 b-CH2 str.

25 2933 2908 ÿ25 b-CH2 str.
26 2074 2090 16 GeH3
27 1443 1343 ÿ100 b-CH2 def.
28 1251 1160 ÿ91 g-CH2 wag
29 1220 1123 ÿ97 b-CH2 wag
30 1183 1050 ÿ133 g-CH2 twist
31 1081 1004 ÿ77 b-CH2 twist
32 940 969 29 Ring def.
33 924 929 5 a-CH bend
34 876 864 ÿ12 GeH3 def.
35 820 871 51 Ring def.
36 779 851 72 b-CH2 rock
37 566 569 3 GeH3 rock
38 186 196 10 Ring-GeH3 bend
39 130 107 ÿ23 GeH3 torsion

R.m.s. 46
Av. ÿ14

a For axial conformer.
b This frequencywasalsoassignedasa ring deformation.
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nogermanescalculatedby MM3 arelisted in Tables10–
24, alongwith theobserveddata.

Germane. The rotationalconstant(B0) of germanewas
determinedbasedon the infrared spectrum.25 The best
value for B0 was determinedas 2.69587(7)cmÿ1. The
Ge—H bond length is accordingly computed to be
1.525358(20)Å (r0). MM3 givesanrzbondlength,which
shouldbecloseto r0, of 1.522Å.

Methylgermane. Thestructuralparametersfor methyl-
germaneweredeterminedby microwavespectroscopy.26

The Ge—C and Ge—H bonds were 1.9453(5) and
1.529(5)Å (rs), comparedwith 1.943 and 1.517Å by
MM3, respectively.TheC—H bondsweredeterminedas
1.083(5)Å andtheMM3 valueis 1.095Å. Similarly to its
siliconanalog,methylsilane,themoststableconformeris
the staggeredform. The barrier to internal methyl
rotationis 1.23kcalmolÿ1 by MM3, and1.24kcalmolÿ1

by themicrowavemethod(1 kcal= 4.184kJ).Thedipole
momentof methylgermanewasmeasuredas0.635(6)D
from the Stark effect. The MM3-calculated dipole
moment is 0.64 D. In Table 11, we summarizethe
experimentalandMM3-calculated structuresof methyl-
germane.The barriers to internal rotation and dipole
momentsof the organogermanesare listed in Tables25
and26, respectively.

Table 8. Vibrational spectra of germacyclopentane (C2 twist)

Symmetry No. Exptl20 MM3 D Assignment

A 1 2932a 2945 13 a-CH2 str.
2 2904a 2925 21 b-CH2 str.
3 2881 2891 10 a,b-CH2 str.
4 2865 2875 10 b,a-CH2 str.
5 2066 2081 15 Asym. GeH2 str.
6 1453 1453 0 Sym.b-CH2

scissoring
7 1419 1426 7 a-CH2 scissoring
8 1324 1377 53 b-CH2 wag
9 1246 1209 ÿ27 a-CH2 wag

10 1200 1170 ÿ30 b-CH2 twist
11 1078 1099 21 a-CH2 twist
12 848a 1025 177 C-C str.
13 1025 941 ÿ84 b-CH2 rock
14 881 837 ÿ44 GeH2 scissoring
15 762 797 35 C-C str.,GeH2

scissoring
16 785b 756 — a-CH2 rock
17 635 623 ÿ12 Ge-Cstr.
18 543 596 53 GeH2 twist
19 345 296 ÿ49 GeCCbending
20 273a 284 11 CGeCbending

B 21 2978 2945 ÿ33 a-CH2 str.
22 2946 2926 ÿ20 b-CH2 str.
23 2936 2890 ÿ46 a-CH2 str.
24 2922 2865 ÿ57 b-CH2 str.
25 2066 2090 24 GeH2 str.
26 1455 1447 ÿ8 Asym.b-CH2

scissoring
27 1429 1395 ÿ34 a-CH2 scissoring
28 1312 1344 32 b-CH2 wag
29 1251 1205 ÿ46 a-CH2 wag
30 1150 1191 41 b-CH2 twist
31 1033 1072 39 a-CH2 twist
32 946 947 1 C–Cstr.
33 1057 838 ÿ219 b-CH2 rock
34 804 776 ÿ28 a-CH2 rock
35 694a 641 ÿ53 GeH2 wag
36 589 567 ÿ22 Ge–Cstr.
37 481 474 ÿ7 Ge–Cstr.,GeH2

rock
38 431 469 38 GeH2 rock
39 113 110 ÿ3 Ring puckering

R.m.s. 56
Av. ÿ5

a Valuestakenfrom liquid Ramanspectrum.
b Estimatedvalue,seeRef. 20.

Table 9. Vibrational spectra of phenylgermane

No. Exptl21 MM3 Assignment

1 3082 3055
2 3069 3050
3 3047 3045

9>>=>>; Ph–Hstr.
4 3022 3041
5 3000 3038
6 — 2090
7 2072

(
2089

)
Ge–Hstr.

8 2076
9 1583 1656 C=C str.

10 1571 1650 C=C str.
11 1482 1607 C=C str.
12 1433 1500 C=C str.,Ph–Hin-planebending
13 1329 1429 Ph–Hin-planebending
14 1301 1326 Ph–Hin-planebending
15 1187 1222 Ph–Hin-planebending
16 1151 1202 Ph–Hin-planebending
17 968 1090 Ph–Hout-of-planebending
18 1096 1082 Ph–Gestr.
19 1026 1029 Ph–Hin-planebending
20 968a 1006 Ph–Hout-of-planebending
21 999 969 Ring def.
22 948a 921 Ring def.,Ph–Hout-of-plane

bending
23 878 902 Asym. GeH3 def.
24 — 897 Asym. GeH3 def.
25 910 876 Ph–Hout-of-planebending
26 826 753 Sym.GeH3 def.
27 738 734 Ph–Hout-of-planebending
28 673 668 In-planering def.
29 699 644 Ph–Hout-of-planebending,ring

out-of-planebending
30 619 601 In-planeRing def.
31 — 586 Ph–Hout-of-planebending,

ring out-of-planebending
32 585 531 GeH3 rock
33 580 530 GeH3 wag
34 418 388 Ring out-of-planebending
35 395 358 Ring out-of-planebending
36 292 302 Ring def.
37 230 185 Ring-Gein-planebending
38 161 138 Ring-Geout-of-planebending
39 — 0 Ring-GeH3 free rotation

a Estimatedvalues.
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Table 10. Molecular structure (r0) of germanea

Exptl25 MM3/D

Ge—H 1.5253 1.522/ÿ0.003
HGeH — 109.5/–

Momentsof inertiab Exptl25 MM3/%

Ix = Iy = Iz 6.253 6.2739/0.33

a Hereandin subsequenttables,bondlengthsin Å, anglesin degrees.
b Atomic unit.

Table 11. Molecular structure (rS) of methylgermane

Exptl26 MM3/D

Ge—C 1.945(5) 1.943/ÿ0.002
Ge—H 1.529(5) 1.517/ÿ0.012
C—H 1.083(5) 1.095/0.012
HGeH(�S) 108.2(5) 108.0/ÿ0.2
HCH 108.4(5) 108.2/ÿ0.2

Momentsof inertiaa Exptl26 MM3/%

Ix 9.376 9.3133/ÿ0.67
Iy = Iz 58.445 58.6285/0.31

a Convertedfrom rotationalconstants,A@ = 1.798(25)cmÿ1, cited in
Ref. 14.

Table 12. Molecular structure (r0) of dimethylgermane

Exptl27 MM3/D

Ge—C 1.950(3) 1.949/ÿ0.001
C—H 1.083(assumed) 1.101/–
HCH 108.5(assumed) 108.2/–
CGeC 110.0(5) 109.9/ÿ0.1

Momentsof inertia Exptl27 MM3/%

Ix
a 40.3844 40.6281/0.60

Iy 90.4722 90.6939/0.25
Iz 118.5421 118.7043/0.14

a Rotational constants:A = 12522.67MHz, B = 5587.68MHz and
C = 4264.57MHz.

Table 13. Molecular structure (rS) of trimethylgermane

Exptl28 MM3/D

Ge—C 1.947(6) 1.946/ÿ0.001
Ge—H 1.532(1) 1.525/ÿ0.007
C—H 1.095(assumed) 1.095/–
CGeC(�0) 109.6(1) 109.2/ÿ0.4
GeCH 110.97(assumed) 110.7/–
CGeH 109.3(assumed) 109.7/–

Momentsof inertiaa Exptl28 MM3/%

Ix = Iy 105.60 106.0489/0.43

a B = 4785.88MHz.

Table 14. Molecular structure (rg) of tetramethylgermane

Exptl29 MM3/D

Ge—C 1.945(3) 1.949/0.004
C—H 1.12(2) 1.112/ÿ0.008
GeCH 108(2) 110.7/2.7
CGeC 109.5(fixed) 109.5/–
HCH 110.6(15)a 108.2/ÿ2.4

a Dependentparameter.

Table 15. Molecular structure (r0) of ethylgermane

Exptl16 MM3/D

Ge—C 1.949(10) 1.957/0.008
Ge—H 1.522(10) 1.531/0.009
C2—C3 1.545(10) 1.534/ÿ0.011
C2—H 1.093(10) 1.103/0.010
C3—H 1.091(10) 1.104/0.013
GeCC 112.16(75) 112.15/0.01
HGeH 108.59(75) 108.01/ÿ0.58
GeC2H 111.64(75) 110.05/ÿ0.59
HGeC 109.74(75) 110.90/1.16
HC2H 106.43(75) 106.47/0.04
HC3H 108.04(75) 107.14/ÿ0.90
C3C2H 107.87(75) 108.98/1.12
C2C3H 110.86(75) 111.71/1.05

Momentsof inertiaa Exptl16 MM3/%

Ix 22.7099 22.7318/0.10
Iy 141.057 141.6021/0.39
Iz 151.350 151.8699/0.34

a Rotationalconstants:A = 22254.227(378)MHz,
B = 3528.885(17)MHz, C = 3339.232(16)MHz.

Table 16. Torsional energies of methylethyl- and propylger-
mane

DE (kcalmolÿ1)

Compound Ouellette34 MM2 MM3

Methyethyl- cis 0.96 1.25 1.31
gauche ÿ0.21 ÿ0.13 ÿ0.09
skew 1.26 1.30 1.33
anti 0.00 0.00 0.00

Propyl- cis 5.90 4.93 5.08
gauche 0.46 0.62 0.64
skew 3.49 2.58 2.78
trans 0.00 0.00 0.00

Table 17. Conformational energies of n-methylgermacyclo-
hexane

DGa (kcalmolÿ1)

Compound MM2b MM3 Exptl33

1-Methyl- ÿ0.25 ÿ0.20 ÿ0.24
2-Methyl- 0.89 1.10 —
3-Methyl- 1.34 1.94 —
4-Methyl- 1.41 1.97 —

a DG = GaxÿGeq.
b MM2 valueis the differencein stericenergies.
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Dimethylgermane. The molecular structure of di-
methylgermanehas been determined by microwave
spectroscopy.27 The MM3-calculated structure agrees
well with thatobserved(seeTable12).Thebarrierto the
methyl rotation was determinedas 1.18(3)kcalmolÿ1,
compared with the MM3 value of 1.23kcalmolÿ1.
However, the dipole moment of dimethylgermaneis
calculatedtoo large by MM3, 0.73 D, and 0.616(6)D
from experiment.

Trimethylgermane. The molecularstructure,rs value,
of trimethylgermanewasdeterminedfrom the rotational
spectrum.28 All threemethylgroupswereassumedto be
thesameto determinetheGe—CbondlengthsandCGeC
bond angles.The observeddata and MM3 resultsare
summarizedin theTable13.

Table 18. Molecular structure (r0) of vinylgermane

Exptl35 MM3/D

Ge—C2 1.926(12) 1.939/0.013
Ge—H 1.520(5) 1.520/0.000
C2=C3 1.347(15) 1.339/ÿ0.008
C2—H 1.094(assumed) 1.092/–
C3—H 1.097(assumed) 1.090/–
GeCC 122.9(6) 122.67/ÿ0.23
CGeH 109.7(6) 110.36/0.66
C2C3H4 120.35(assumed) 120.55/–
C2C3H5 120.65(assumed) 121.67/–
C3C2H 118.00(assumed) 119.14/–

Momentsof inertiaa Exptl35 MM3/%

Ix 15.4446 15.3543/ÿ0.58
Iy 131.620 132.2862/0.51
Iz 140.896 141.5505/0.46

a Rotationalconstants:A = 32721.94MHz, B = 3839.67MHz,
C = 3586.89MHz.

Table 19. Molecular structure (ra) of cyclopropylgermane

Exptl36 MOa,e,37 MM3/D

Ge—C1 1.924(2) 1.9227 1.925/0.001
Ge—Hav. 1.530b 1.546 1.524/ÿ0.006
C1—C2 1.521(7) 1.5253 1.514/ÿ0.007
C2—C3 1.502(9) 1.5086 1.510/0.008
C—H av. 1.091(3) 1.078 1.082/ÿ0.009
HCH 118.2(23) 114.40 115.27/ÿ2.93
C1GeH 108.8(12) 110.4 109.84/1.04
HC1Ge — 115.48 113.29/–
C2C1C3 — 59.38 59.80/–
C1C2C3 — 60.36 60.10/–
!1

c 55.5(16) — 52.8/ÿ2.7
!2

d 57.3(19) — 60.5/3.2

a Thegeometryoptimizationuseda 4–21G(C)/3–21G*(Ge)basis.
b Not refinedparameter.
c Dihedralanglebetweenline C1—GeandplaneC1C2C3.
d Dihedralanglebetweenline C1—H andplaneC1C2C3.
e In re units.

Table 20. Molecular structure (rg) of cyclobutylgermane

Exptl39 MM3/D

Ge—C1 1.950(4) 1.948/ÿ0.002
Ge—Hav. 1.513(8) 1.529/0.016
C1—C2 1.559(7) 1.559/0.000
C2—C3 1.560(constrained) 1.558/–
C—H av. 1.085(4) 1.113/0.028
C2C1C4 89.6(7) 87.7/ÿ1.9
HCH 105.9(32) 112.1/6.5
C1GeH(eq) 103.7(29) 107.8/4.1
(ax) 110a 107.8/–
!1

b (eq) 25.3(31) 32.4/5.1
(ax) 20.4(36) 27.4/7.0
!2

c (eq) 131.2(11) 130.2/ÿ1.0
(ax) 126.4(19) 129.7/3.3

Momentsof inertia Exptl40 MM3/%

Ix (eq) 56.780 56.9611/0.32
(ax) 69.902 68.6784/ÿ1.75
Iy (eq) 320.537 315.7213/ÿ1.50
(ax) 281.534 289.4080/2.80
Iz (eq) 349.853 343.7174/ÿ1.75
(ax) 298.278 306.4564/2.74

a Not refined.
b Puckeringangle.
c Thedihedralangleof the Ce—C1 bondandC2C1C4 plane.

Table 21. Molecular structure (ro) of germacyclopentane

Exptl42 MM3/D

Ge—C 1.95(assumed) 1.963/–
Ge—H 1.53(assumed) 1.537/–
C—C av. 1.53(assumed) 1.539/–
C—H av. 1.09(assumed) 1.103/–
HCH (�0) 109(assumed) 107.3/–
HGeH 111(assumed) 110.1/–
GeCC 106 103.1/ÿ2.9
CGeC 98 93.6/ÿ5.4
CCC 115 109.3/ÿ5.7

Momentsof inertiaa Exptl42 MM3/%

Ix 94.958 94.8787/ÿ0.08
Iy 177.866 177.8207/0.03
Iz 247.625 247.4586/ÿ0.07

a Rotationalconstants:A = 5323.7MHz, B = 2842.20MHz,
C = 2041.52MHz.

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

Exptl46 MM3/D

Ge—Cav. 1.954(3) 1.947/ÿ0.007
C—C av. 1.545(2) 1.546/0.001
C—H av. 1.112(8) 1.114/0.002
C7GeC9 101.8(5) 101.9/0.1
GeC7C1 106.3(5) 106.3/0.0
C1C2C3 113.2(50) 113.9/0.7
C2C1C6 107.5(15) 109.3/1.8
!C1C2C3C4 57.9 54.3/ÿ3.6
!a 120.4(12) 117.9/ÿ2.5

a TheanglebetweenplaneC1C2C3 andplaneC1C3C7C8.
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Tetramethylgermane. Electron diffraction29 was ap-
plied to determine the molecular structure of tetra-
methylgermane,rg value. The methyl barrier was
measuredas 1.3kcalmolÿ1 by far-infrared spectro-
scopy,30 which was different from that in an earlier
study,0.65kcalmolÿ1.31 The former valueis consistent
with the other studiesof methyl-substitutedgermanes.
MM3 givesthebarrieras1.24kcalmolÿ1.

Ethylgermane. Variousmethodshavebeenemployedin
studyingthe structureof ethylgermane.16,32 The experi-
mentalindividual bondlengthshavea largeuncertainty.
Themomentsof inertia arefitted very well althoughthe
individualbondlengthsarefittedpoorly.Thegermyland
methylbarrierswere1.41(3)and2.85(3)kcalmolÿ1 from
microwaveanalysis,respectively.MM3 givesvaluesof
1.38and2.71kcalmolÿ1.

Propylgermane and methylethylgermane. Methyl-
ethylgermaneand propylgermane,which would nor-
mally beusedto determinethetorsionalparameters1–1–
1–31 and 1–1–31–1,havenot 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 beexpectedto give a goodpredictions
of energies.However,thereis a molecule,1-methylger-
macyclohexane,thatwecanusefor parametrization.This
moleculehasbeeninvestigatedin anNMR study.33 From
14C and 73Ge chemicalshift data,it was found that the
axialandequatorialconformershaveanequilibriumratio
of 60:40, which correspondsto the axial isomerbeing
morestableby 0.24kcalmolÿ1. MM3 calculationsgivea
valueof 0.20kcalmolÿ1 (DE). Applying this parameter
set,we alsostudiedmethylethylgermane, propylgermane
and2-,3- and4-methylgermacyclohexane.Tables16and
17, show that the MM3 results are similar to those
obtainedby MM2 calculationsandto thosereportedby

Ouellette.34 For methylgermacyclohexane, asthemethyl
groupis shiftedto the2-, 3- and4-positions,theeffectof
germaniumbecomessmaller and the axial–equatorial
energydifferenceshouldbecloserto thatof cyclohexane
(2.09kcal molÿ1, DG), andthe trendis shownin Table
17.

Vinylgermane. The r0 molecular structure has been
determinedby microwavestudies,35 but manystructural
parameterswere assumed.The experimentalquantities
therefore contain sizable uncertainties. The MM3
geometry agreeswith the experiment to within the
uncertaintiesin thelatter.Themomentsof inertiaarewell
calculated(seeTable18).TheMM3 structureis believed
to bemorereliable.

Cyclopropylgermane. The molecularstructureof cy-
clopropylgermanehas been determined by electron
diffraction,36 which gavean ra structure.The following
assumptionswere made to reducethe number of the
experimental structural parameters:all C—H bond
lengthswereequal,andGe—Hbondlengthswereequal
andthegermylgrouphadlocalC3v symmetry.A Hartee–
Fock calculation was also reported.37 The results are
listed in Table 19. The rotationalbarrier of the germyl
groupis alsowell reproduced,1.32kcalmolÿ1 by MM3

Table 23. Molecular structure (rg) of digermane

Exptl47 MM3/D

Ge—Ge 2.403(3) 2.403/0.0
Ge—H 1.541(6) 1.535/ÿ0.006
HGeH 106.4(8) 107.0/0.6
GeGeH 112.5(8) 111.9/ÿ0.6

Table 24. Molecular structure of hexaphenyldigermane

Exptl49 MM3/D

Ge—Ge 2.437(2) 2.434/ÿ0.003
Ge—Cav. 1.958 1.954/ÿ0.004
C—C av. 1.388 1.399/0.011
GeGeCav. 110.8 110.0/ÿ0.8
CGeCav. 108.1 109.0/0.9

Table 25. Torsional barriers of organogermanes

Compound Exptl MM3/D

Methylgermane(Me) 1.2426 1.23/ÿ0.01
Dimethylgermane(Me) 1.18(3)27 1.23/0.05
Trimethylgermane(Me) — 1.24/ÿ
Tetramethylgermane(Me) 1.329 1.24/ÿ0.06
Ethylgermane(Me) 2.85(3)16 2.71/ÿ0.14

(germyl) 1.41(3)16 1.38/ÿ0.03
Vinylgermane 1.238(57)35 1.21/ÿ0.028
Cyclopropylgermane

(germyl)
1.3638 1.32/ÿ0.04

Germacyclopentane
(pseudorot.)

5.9(1)43,a 4.01/ÿ
Digermane 1.49(20)48 1.49/0.00
CyclobutylgermaneDGaxÿeq 0.7439 0.78/0.04

Barriers DEgermyl 1.26(eq)40 1.23/ÿ0.03(eq)
1.19(ax)40 1.29/0.10(ax)

DEb 1.2440 1.60/0.36

a Seetext.
b Barrier to interconversionof the equatorialto axial conformation.

Table 26. Dipole moments of organogermanes

Compound Exptl MM3/D

Methylgermane 0.635(6)26 0.64/0.00
Dimethylgermane 0.616(6)27 0.73/0.11
Trimethylgermane — 0.64/ÿ
Ethylgermane 0.76(2)16 0.64/ÿ0.12
Vinylgermane 0.50(3)35 0.50/0.00
Germacyclopentane 0.665(7)43 0.70/0.03
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compared with the experimental value of
1.36kcalmolÿ1.38

Cyclobutylgermane. There are two reports on the
structure and conformationsof this molecule, using
electrondiffraction39 and microwave40 methods.MM3
calculatestheC—CandGe—Cbondlengthscloseto the
experimentalvalues,but not theGe—HandC—H bond
lengths.Sincetherewasonly onelargepeakin the1.5Å
region,it wasdifficult to obtainaccurateindividual bond
lengths. The 2–3 bond lengths appear to have been
constrainedto be too large in the experimentalwork,
forcing theGe—Hbondto betoo short.We feel that the
MM3-calculatedGe—H bond length is more reliable
thanthe experimentalvalue.The C—H bondlengthfor
cyclobutaneitself wasdeterminedto be1.109(3)Å (anrg

value)by Kuchitsuandco-workers41 andMM3 givesa
valueof 1.113Å. Forcyclobutylgermane,theC—H bond
length was reportedto be 1.085(4)Å, comparedwith
1.113Å by MM3. Thereis noobviousreasonfor thisC—
H bondshortening.Thefour-memberedring is calculated
to be slightly more puckeredby MM3 than is found
experimentally. The free energy difference between
equatorialandaxial conformerswasdeterminedexperi-
mentally to be 0.74kcalmolÿ1,39 and MM3 gives
0.78kcalmolÿ1. Also, the germyl group rotational
barriersare fitted fairly well (seeTable 25). Moments
of inertiaarepoorly reproducedbecauseof the lack of a
torsion–bendinteraction.40 This error is found in all
monosubstitutedcyclobutaneswith MM3.

Germacyclopentane. Four isotopic speciesof germa-
cyclopentanehavebeenstudiedby microwavespectro-
scopy42 to determinedthemolecularstructure.Eventhen,
thestructuralparameterscouldnot bedeterminedunless
the valuesof someparameterswereassumed.Only the
CGeC, CCGe, CCC and twist angles were then
determined.The MM3-calculatedindividual parameters
for thisheterocyclicfive-memberedring compoundagree
poorly with experiment,but the momentsof inertia are
fittedfairly well. Thissuggeststhattheconstraintsplaced
upon the experimentalinterpretationof the data were
inadequateandwe feel that theMM3 structureis better.
The microwavestudy indicated that the C2 half chair
form was more stable than the Cs envelopeform by
1.4kcalmolÿ1. A far-infrared study by Durig et al.
showedthat thebarrierto pseudorotationin germacyclo-
pentane was 5.9kcalmolÿ1.43 The same barrier of
silacyclopentane was determined to be 3.9–
4.04kcalmolÿ1.44 We thereforebelieve the value for
germacyclopentaneis too high. TheGe—Cbondis only
slightly longer than the Si—C bond,and the barrier to
pseudorotationshould be similar to the barrier for
silacyclopentane.MM3 calculation gives the C2 form
as the most stable, and the Cs form is higher by
4.01kcalmolÿ1, which is the height of the pseudorota-

tional barrier. The MM3 energyof the planar form is
5.81kcalmolÿ1 abovetheC2 form.

1-tert-Butylgermacyclohexane. The conformational
energyof 1-tert-butylgermacyclohexane has beenesti-
mated from the 13C and 73Ge NMR spectra.45 It was
found by MM3 that the equatorialconformer is more
stable by 0.62 and 1.47kcalmolÿ1 for DE and DG,
respectively. The value determined by NMR was
1.3kcalmolÿ1 (DG). The MNDO methodgavea value
of 0.60kcalmolÿ1 (DE). The earlier MM2 calculations
showedan energydifferenceof 0.33kcalmolÿ1 andan
old molecularmechanicscalculationby Ouellette34 gave
1.23kcalmolÿ1.

1-Methyl-1-germaadamantane. The structureof this
compoundappearsto have been well determinedby
electron diffraction.46 The MM3 structure (Table 22)
agreeswith theexperimentalstructurefairly well, except
for the averageGe—Cbondlength,which is calculated
tooshortby 0.007Å. Theexperimentalvalueseemswell
determined,and the MM3 value is thought to be less
accuratefor unknownreasons.

Digermane. This molecule has been studied by the
electrondiffractionmethod.47No spectroscopicstudyhas
beenpublishedfor digermaneitself, but from theIR and
Ramanstudiesof thehexaphenylderivativein thesolid,
theGe–Gestretchingmodewasobservedin theregionof
220–250cmÿ1. MM3 givesa valueof 225cmÿ1 for that
mode for digermane.The Ge—Ge bond length was
determinedto be2.403(3)Å (rg), comparedwith theSi—
Si bond length, 2.331(2)Å in disilane, and the C—C
bond length in ethane,1.534(2)Å. The changein bond
length on going from silicon to germaniumis much
smallerthanthechangeon goingfrom carbonto silicon,
as expected.MM3 calculatedthe Ge—Gebond length
to be 2.403Å. The GeH3 barrier was determinedto
be 1.49(20)kcalmolÿ1,48 and MM3 also gives
1.49kcalmolÿ1 (DE).

Hexaphenyldigermane. The molecular structure of
hexaphenyldigermane hasbeendeterminedusing x-ray
crystallography.49 Thesolid-phaseIR andRamanspectra
were also recorded.The GeGeCbending frequencies
werefoundaround200cmÿ1, andwereusedto determine
the GeGeCforce constant.The Ge—Gebond length is
stretched out to 2.434Å by MM3 calculation, in
agreementwith the experimentalvalue of 2.437(2)Å.
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
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alsocalculatedusingtheusualmethod.50 Unfortunately,
thereare very limited data available,for tetraethylger-
mane, tetra-n-propylgermaneand hexaethyldigermane.
Additionally, the experimentaldata51 have fairly large
errors (1.5kcalmolÿ1 on average).They are all fitted
fairly well, but the small standard deviation
(0.106kcalmolÿ1) is a result of the limited data.Only
two parameterswerederived,thebondincrementsof C—
Ge and Ge—Ge. The Ge—H bond increment and
structural features are missing becauseno data for
moleculescontainingthesemoietieshavebeenreported.
TheMM3 resultsaresummarizedin Table27.Wewould
expect that heats of formation can be calculatedfor
tetraalkylgermanes and hexaalkyldigermanes with an
expectederrorof about2 kcalmolÿ1.

Parameterization

A reviewer asked that we outline just how the
parameterizationwas donein the work describedhere.
We will try to give here sufficient detail so that the
processcouldberepeatedby someoneknowledgeablein
molecular mechanicsand in eachof the experimental
methodsdiscussed.

Thestandardprocedurefor fitting parametersto datais
to use the least-squaresmethod, and weight the data
proportionally to the inverse of their experimental
errors.52 We tried to do this long ago,53 but found that,
generally,much better resultscould be obtainedin the
following way. One needsto start with a trial set of
parameters.Thesecan now be conveniently obtained
from theMM3 programitself.54 Lackingthat,onesimply
needsto guesssomeapproximatenumbers(estimatesof
bond lengths,angles,stretchingand bendingconstants
andthelike). Onethencarriesoutgeometryoptimization
calculationson all of the moleculesin the dataset,and
examinestheresults.For themostpart,theresultsshould
bewithin the‘ballpark.’ Thatis, thebondlengthsmaybe
in errorby 0.03Å, theanglesby 5–10°, etc.,but at least
onehasan approximatestructurefor eachmolecule,an
initial estimateof thevibrationalspectrum(� 100cmÿ1)
andapproximateparameters.The point is to thenrefine
the parametersso as to reproduceoverall the structures
andotheravailabledataaswell aspossible.The reason

why a brute-forcetype least-squaresfit is generallynot
very good is that one usually does not have reliable
estimatesof theexperimentalerrors,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 years or so. Many kinds of
systematicerrorswereuncovered,andgraduallyreduced
over that period. Since the measurementscome from
many different laboratories,one doesnot know when
various improvementswere incorporated in a given
laboratory,andthereforethereis no straightforwardway
to allow for this chronologicaleffect in weighting the
data.At leasttwo othermajor problemsarise.The most
importantof theseis thatwhenelectrondiffraction,x-ray,
neutrondiffraction or microwavedataarebeingfitted by
theexperimentalistsin thederivationof thestructure,one
determinesan ‘estimated standard deviation’ in the
structural parameters.This is a measureof how well
thestructurefits thedata,but frequentlynotameasureof
how accurate the 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 those two lines are
fartherapartwith relativelysmallvibrationalamplitudes,
or closer together with large vibrational amplitudes.
However,what onecando is to measurethe averageof
the two with good accuracy. In comparing with
experimentthen,onemayfind onemolecularmechanics
bond length is too long relative to experiment,and
anotheris too short, but the averageis just right. This
probablymeansthat themolecularmechanicsvaluesare
correct.Theindividual experimentalvaluesareoftennot
accurate,but the averageis (which is what is actually
measured).Consequently,suchreportedindividual bond
lengthsneedto begivenminimal weight in this case.

Microwave data are difficult to interpret in another
way. If one has enough isotopic data, then one can
generatean rS structure. However, the relationship
betweenthe rS structureandany otherkind of structure
(e.g. the rg structureobtainedfrom electrondiffraction)
wasnot knownuntil recently.24aIf anro or rz structureis
obtainedinstead,the rotational frequenciesuponwhich

Table 27. Heats of formation of germanesa

Compound W Hf° SumH Steric Pop TORS T/R Calc./D

Tetraethylgermane 5 ÿ34.6(1.2) ÿ77.83 6.63 0.0 1.68 2.40 ÿ34.73/ÿ0.14
Tetra-n-propylgermane 5 ÿ54.9(1.0) ÿ104.76 10.65 1.2 3.36 2.40 ÿ54.90/0.13
Hexaethyldigermane 5 ÿ75.5(2.2) ÿ116.75 ÿ9.13 0.0 2.94 2.40 ÿ75.50/0.00

Bestvalues:
Ge—C= 8.0962 Ge—Ge=ÿ3.5375
Standarddeviation= 0.11

a W= Weight.
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this structureis basedareusuallyaccurateto five or six
decimal places.However,normally one has to assume
variousthingsaboutthe moleculein orderto be ableto
solve the structure.Thus the accuracyof the structure
obtainedis highly dependentupon theseassumptions,
regardlessof the accuracy to which the rotational
frequenciesaremeasured.Finally, it is now pretty clear
just what the differencesare betweenre, rg, ra, rs, etc.
structures,and it is possibleto interconvertthem fairly
accurately(see Ref. 24 and referencescited therein).
Someof theseinterconversionshavebeenunderstoodfor
many years,55 but somehave not.24b We have always
fitted MM2 and later force field structuresto rg. If the
experimentalstructureis somethingelse,aninterconver-
sionmustbemadebeforetheycanbecompared.

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 as it exists in the
crystallattice.Thestructurein the latticemaybesimilar
to that of the isolatedmolecule,or it may not, and it is
often found that an accuratestructurefor the isolated
moleculecannotbe found from theavailabledata.

Thermal motion is also a major problem in the
interpretationof x-ray data.Bondlengthsarecommonly
measuredtoo short by x-ray methodsby up to 0.015Å
from this effect, if the measurementsaremadeat room
temperature.Coupled with the problem that x-rays
measureelectrondensity positionsrather than nuclear
positions, the ‘atomic positions’ are often misplaced
relativeto thenuclearpositionsby asmuchas0.03Å in
routinecrystallographicstudies.Obviouslyerrorsof this
size are a disasterin force field calculations.Although
thesethings are well understood,they are not widely
understood,and they are often dealt with poorly in the
existingliterature.

Accordingly, ratherthanto try formally to weight the
data,in most caseswe simply examinedthe calculated
structuresand comparedthem with the experimental
structures.Thereusually appearto be errors,but when
oneconsidersthe individual apparenterrorswith respect
to the kinds of thingsthat arediscussedabove,onecan
reach a conclusionabout the ‘weight’ that should be
applied to that particular information. Hence this
‘weighting’ is not done in a programmedway, but is
based upon the experienceof the person doing the
weightingon a caseby casebasis.Onemight arguethat
oneshouldactuallyhavea rigorousprogrammedmethod
for carrying out this weighting, so as to make it
reproducible.However, this is rather like saying that
our legalsystemshouldbesufficientlydetailedsothat it
alwaysworks.(Experiencehasshownthatastimepasses,
the legal systembecomesincreasinglycomplex,forbid-
dingly so in fact, but there is no indication that it is
working anybetterthanit did previously.)

In the 1970s we in fact tried to automate these
proceduressothatall of thesethingswouldbetakencare

of in a programmedway. We werenot ableto do this at
all well, andeventuallyconcludedthat thesystemwhich
we used,andstill use,is really thebestthatcanbedone,
for the mostpart. It shouldbe pointedout that we work
with relatively limited data sets,where the data come
from avarietyof sourcesandexperimentaltechniques,so
that one doesnot mentally have to processvery many
numbers.Also, the datasetsare highly redundant.One
wants to make sure that one fits ‘independent’ data.
However, often the same information is obtained
repeatedlyfrom additionalmolecules,so that additional
dataareredundantdata,andtheyareof no help.

The aboveis not as straightforwardas it may seem.
The problemis that often one doesnot know (exactly)
what the force field shouldbe like, that is to say,what
kinds of terms should be present in the force field
equations,whenoneis carryingout theparameterization.
Hencetheparametersareadjustedto fit thedata,with the
assumptionthat the force field itself is adequate.That
means that errors in the force field from omitting
significanttermsaretakenup in the parameterizationof
otherterms.Dependingon theimportanceof what terms
were left out, a cascadeof problems may result.
Nevertheless,the whole procedureworks fairly well (to
someapproximation),so that evena diagonalquadratic
forcefield like MM2 (whichHaglerandco-workersrefer
to asClass156) will give a reasonablefit to mostof the
data(other than vibrational spectra,and eventhoseare
roughlycorrect).Class2 andClass3 forcefieldsdobetter
(Class2 force fields containoff-diagonalelementsand
anharmonicterms, whereasClass3 force fields allow
specifically for chemical effects). MM3 is a rather
minimal Class3 force field.3 That is, it is known from
more detailedstudieson variousclassesof compounds
that certain cross-termsleft out of MM3 limit the
accuracyof the spectroscopiccalculations.57 However,
MM3 containsonly a few specific well definedcross-
terms, so that what is really neededto improve the
frequencycalculationsis not partof MM3.

Some parts of thesecalculationshave in fact been
highly automated.For example, in the calculation of
heatsof formation,oneusuallyhasasizablebodyof data
where the accuraciesof the measurementsare indeed
known.Therefore,onecanapply standardleast-squares
methodswith reasonableconfidence.Of course,thereare
alwaysoutliersin anysuchstatisticalprocedure,andone
mustdecidehow they will be handledon an individual
basis.

Theuseof quantummechanicaldatagreatlyfacilitates
forcefield parameterization,but it comeswith its ownset
of problems.The most difficult part of the force field
parameterizationfrom experimentaldata has usually
beento find the appropriatetorsionalpotentials.These
canmorereadily be determinedfrom quantummechan-
ical calculationsthan from experiments.However, the
accuracyof thesetermsis moreor lesssensitiveto the
sizeof thebasissetusedfor thecalculation,theamount
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of correlationincludedin thecalculationandthe typeof
structure involved. For saturatedhydrocarbons,it is
knownthatto obtaina‘converged’resultfor thetorsional
potential, one needs to include triple zeta (but not
quadruplezetaor higher)basisfunctions,andoneneeds
to included orbitals(butnof orbitals).Anythinglessthan
completecorrelationis suspect.58 However,this is only
for a hydrocarbon.It may be reasonablypresumedthat
for functionalizedmoleculeshigherlevelsof calculation
will be needed,but just how high is somethingthat will
still have to be determinedfor individual classesof
compounds.Suchstudieshavenot yet beenreportedin
theliterature,andtheymaynotbeasstraightforwardasis
often assumed.59 Then, of course, the re structure
obtainedin this way has to 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’ and the differencesare large
(about 0.03 Å). However the agreementis in fact
excellent when the re value is convertedto rg before
the comparisonis made(lessthan0.01 Å). The error is
notin thecalculations,but in thecomparisonof quantities
thatarenot comparable.

With systemsthat are reasonablycomplicated,it can
be non-trivial to determine torsional potentials, even
havingadequatequantummechanicaldata.If we havea
systemin which therearetetrahedralatomson bothends
of abond,andweconsiderrotationaboutthatbond,if all
of the substituentsare different, then we needtorsion
potentials for nine different atom pairs, and these
potentialsmust contain at a minimum V1, V2 and V3

terms (a total of 27 parameters).One rarely (probably
never)hasthatmuchinformation.Fortunately,in practice
oneusuallyhasamuchsmallernumberof interactionsto
consider.Nonetheless,if onehasthesekindsof datafor
severalmolecules,then determiningall of the torsion
parameterscanbea formidablejob. Programsthatutilize
least-squaresmethodshavebeenwritten to assistin this
process(e.g.TORSFIND60). It is sometimesdifficult to
be certainthat onehasarrivedat a uniquefit, or evena
generallyacceptablefit*. Onehasto work with thosedata
thatareavailable.

This is anoutlineof theschemethatwe appliedin the
presentcase,andthatwegenerallyapply,in developinga
parameterset for a new classof compounds.Heatsof
formationarenormallyfairly usefulin uncoveringerrors
that otherwisewould slip by†, but in the presentcase
insufficientsuchdataareavailableto beuseful.

The testthenis how well the forcefield fits thedata‡.
All of the constantsdeterminedin the presentwork are
given,togetherwith all of thedatacalculatedwith MM3
usingtheseconstants,andthecorrespondingexperiments
to which theywerefitted. Any of this canbecheckedby
carryingout thecalculationsandobtainingtheresults.In
our judgment,this is thebestfit thatweareableto obtain
from this force field for thesedata. Often in the past
someonehas been interested in a small subset of
compounds,and has observedthat by changinga few
constants,that subsetcould be fitted more accurately.
Normally suchchangesintroducevery large errorsand
unwantedresultsin variousotherplaces,however,sothat
a force field basedon limited information is a very
dangerousthing§.We do not recommendthis procedure.
On the otherhand,if onewishesto changesomeof the
parameters,andthenreoptimizethe entiredatasethere,
the resultswill indeedchange.Somemay be better,and
some worse. Which set is better may be a matter of
judgment.In our judgment,wehavechosentheoptimum
parameterset,basedon theavailabledatacited here.

CONCLUSIONS

This MM3 study shows that organogermanescan be
treatedessentiallylike hydrocarbons,andtheaccuracyof
the results are of ‘experimentalaccuracy’ (except for
spectra).Thevibrationalspectraof ninecompoundswere
reasonablyreproducedwith an r.m.s.error of 42cmÿ1,
which is similar to that for hydrocarbons(35cmÿ1). The
molecularstructuresof 13 organogermaneswerecalcu-
latedfamily well by MM3. Themomentsof inertiawere
also fitted well to experimental data, mostly, with-
in� 0.5% exceptcyclobutylgermane.This error can be
fixed by inclusionof torsion–bendinteraction(which is
availablein MM4, but is notpartof theMM3 forcefield).
The rotationalbarriersand conformationalenergiesare
adequatelycalculated.
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* In fact, uniquefits aretheexceptionratherthantherule. Theremay
be moreadjustableparametersthandata,so the bestonecando is to
pick a parameterset that fits the data, and that seemsphysically
reasonable.Automaticproceduressometimesgive torsionalconstants
of dozens(or more) of kcalmolÿ1, where the observablesare small
differencesbetweenlargenumbers.Theseusuallyhaveto bediscarded
asphysicallyunreasonable,eventhoughtheymay fit thedata.
† Becausethey cangive manydatapoints to fit with few adjustable
parameters,theyapplyconstraintssothaterrorsimposedby otherparts
of the force field may thenbecomeobvious.

‡ What we really would like to know is how well the force field will
predictunknownstructures.Wecannotknowthatwith certainty,but if
the data used in the parameterizationare highly diverse, then the
accuracy of the fit to those data will probably approximatethe
reliability applied to other structures.In a sensethe force field is a
fancyinterpolationscheme.However,if it is usedfor anextrapolation
(for example,if oneis makingapredictionregardingabondanglethat
is far more bent than any known anglesin the data set), then the
accuracyis suspect.Hencetheforcefield haslimits, but someof these
limits may not be well definedor evenrecognized.
§ It correspondsto having far moreadjustableparametersthandata.
Obviously the data can indeed be well fitted. Such a force field,
however,is probablygoing to begenerallyuseless,or worse.
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