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Ab initio calculations of the effect of substituents on the structures and energies of ketenes (l), 
diazomethanes (31, diazirines (41, allenes (5), and cyclopropenes (6) reveal that the isodesmic 
substituent stabilization energies of 1, 3, and 5 relative to alkenes are correlated with group 
electronegativities with slopes of -15.1, -10.6, and -5.8, respectively, at the HF/6-31G*+ZPVE/ 
/HF/6-31G* level, corresponding to a successive decrease in polar character of the cumulenes in 
this order. Isomerization energies of 3 to 4 show that the relative stabilities of substituted 
diazomethanes and diazirines are dominated by the stabilization of diazomethanes by electropositive 
substituents. The energetics of the isomerization of allenes 6 to cyclopropenes 6 are affected by a 
general greater stability of allenes due to the ring strain of cyclopropenes, a greater stabilization 
of allenes by electropositive substituents, and aromaticity/antiaromaticity effects in which cyclo- 
propenes are favored by electronegative substituents and disfavored by electropositive substituents. 
A comparison of charges calculated by the Mulliken, Natural Bond Orbital (NBO), and Bader 
methods reveals similar trends in the charges from all three methods, with good correlations between 
the Mulliken and NBO charges. The best correlations of charges with substituent electronegativity 
are found for the NBO-derived charges. The Bader charges do not correlate well with Mulliken 
and NBO charges, nor with electronegativity, and give very large absolute atomic charges in many 
cases. The calculated cumulene IR asymmetric stretching vibrations are correlated with measured 
values for ketenes and allenes, but for diazomethanes the calculations are of limited diagnostic 
utility. 

The systematic study by ab initio molecular orbital 
calculations of substituent effects on the structure and 
energetics of the different classes of the major functional 
groups in organic compounds has been pursued by many 
groups in recent These studies include alkanes,% 
alkenes,1bv2a,3c-e a l l ene~ ,~~ ,b  1 , 3 - d i e n e ~ , ~ ~ * ~  
cyclopr~panes,~g,~~,~~~~~g diazo compounds and dia~irines,~ 
carbonyl compounds,2d carbocations,ld carbanions,le and 
organolithium compounds.lc We have been particularly 
interested in cumulene systems5 and have found that ab 
initio calculations have been quite informative for the 
understanding of substituent effects, structures, and 
reactivities of ketenes,5a fulvenones,5b diazomethanes and 
the isomeric diazir ine~,~~ b i~ke tenes ,~~ ,~  is~cyanates ,~~ and 
imines.5f 
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These studies have utilized isodesmic reactions as in 
eq 1 to compare the effect of substituents on ketenes 1 
to those on alkenes 2, with CH3 as a reference sub- 
~ t i t u e n t . ~ ~  This approach has been widely usedla and 
offers the advantage that the effect of the substituent on 
the property in question is isolated and systematic errors 
are minimized. We have also found that the group 
electronegativities XBE, as introduced by Boyd, Boyd, and 
Edgecombe: give good correlations of the stabilization 
energies (SE) for many substituents derived from eql. 

RCH=C=O + CH3CH=Cy CH&H=C=O + RCH=O$ (1) 
AE 

1 2 

The study by theoretical methods of diazomethanes 3 
and diazirines 4 has been actively pursued by many 
 group^,^ but there has been considerable uncertainty as 
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Comparative Cumulene Substituent Effects 

to the comparative effects of substituents on these two 
species. Therefore we have undertaken a study of the 
structures and energies of these two series to determine 
isodesmic stabilization energies according to eq 2 and 
isomerization energies AEi, according to eq 3 to reveal 
the comparative substituent effects in the two families. 
As discussed below, the charge distribution in diazo 
compounds may be represented by several resonance 
structures, and the formalism shown in 3 does not imply 
that this is the major contributor. 

RCH=N'=N + CH,CHICY C H ~ I = N + = N -  + RCHICH, (2) 

3 

(3) 

4 

The question arises as to whether some of the proper- 
ties of the diazirines 4 may be affected by the nature of 
the small ring, with a nontypical electronic arrangement 
and conjugative properties. To better understand these 
effects, we have also carried out calculations on allenes 
6 and the isomeric cyclopropenes 6. There have been 
previous theoretical studies of substituent effects on 
a l l e n e ~ ~ " , ~  and cyc l~propenes ,~~~~ but these have involved 
rather small sets of substituents and lower levels of 
theory and have not included comparisons of the different 
families. Comparative results are available for cyclopro- 
panes, which have recently been examined at a high 

We have now calculated Mi, for allenes to 
cyclopropenes according to eq 5. 

RCH=C=CY + CH3CH-CY 

5 

RCH=C=CY 

5 

SE * 
CHpl=C=CI-$ + R C H G ,  

6 

Included in this report are an extension of our previous 
study of ketenes5" to test if the inclusion. of electron 
correlation and zero point vibrational energy (ZPVE) 
affect the previous conclusions, a full discussion on 
diazomethanes and diazirines,bc and a comparison of the 
calculation of atomic charges by different  method^.^ 

The question of whether atomic charges can be mean- 
ingfully obtained by molecular orbital calculations has 
been of continued interest. The most widely used (and 
criticized) method of electron population analysis is that 
due to Mulliken'" and others are Natural Population 
Analysis,"' the zero-flux surface partitioning of Bader, 
or Bader Population Analysis,7c and others.7d There has 
been a lively debate over the correctness of these 
meth~ds,~~-g and this discussion is by no means settled. 
However this topic has been clouded by a shortage of 
comparative data for charges calculated by these Merent 
methods for a well-defined group of substrates and so 
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these charges have been calculated by some of these 
methods for the compounds examined in this study. 

Results 

The ab initio molecular orbital calculations were car- 
ried out using the Gaussian 90 and Gaussian 92 series 
of programsaa on Hewlett Packard 9000-750 and IBM 
RSl6000-530 minicomputers. All geometries are gradient 
optimized using the standard split valence HF/6-31G* 
basis set,8bSc with the Berny optimizer with no geometrical 
constraints.ab The orders (number of negative diagonal 
elements of the Hessian matrix of all critical points) were 
determined at the HF/6-31G* level by analytical dif- 
ferentiation of the restricted Hartree-Fock wave func- 
tion. Geometries which were optimized at the MP2/ 
6-31G* level were also order checked at that level. The 
frozen core approximation was not used. 

In Table 1 are compiled MP2/6-31G*//MP2/6-31G* 
calculated energies for substituted ketenes and alkenes, 
zero point vibrational energies (ZPVE) at this level scaled 
by 0.95, and AE values (including ZPVE) for the isodes- 
mic reaction of eq 1 at this level, or, if these are not 
available, AE values at the HF/6-31G*//HF/6-31G* level 
(including ZPVE). Also included are HF/6-31G*//HF/ 
6-31G* energies and calculated zero point vibrational 
energies (ZPVE, scaled by 0.9) for diazomethanes, di- 
azirines, allenes, and cyclopropenes and AI3 values for 
the isodesmic reactions of eqs 2 and 4 including ZPVE, 
as well as values of ME, for the isomerization reactions 
of eqs 3 and 5, including ZPVE. These scaling factors 
are the optimized values from a study of ketene stretch- 
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Table 1. Energies (hartrees) and Zero Point Vibrational Energies (ZPVE) for Cumulenes, Alkenes, Diazirines, and Cyclopropenes, SE (kdmol) for Isodesmic Reactions, 
and A&, (kdmol)  for Isomerization Reactions 

? 
R -E(RCH=C=OP ZPVEa %(RCH=CHzP ZF’VE” SEnJ -E(RCH=N+=N-F ZF’W SEd %[RCH(Nz)P ZF’W A E w c C  --E(RCH%=CHzF ZPWF S E f  -E[RCH(CHLE ZF’VEF AEmCg SE’h SEJ SE‘J 

H 
Li 
BeH 
BHz 
CH3 
N H Z  
OH 
F 
Na 
MgH 
m-2 

siH3 
PHz 
SH 
c1 
CF3 
CH=CHz 
CH=O 
C=CH 
CN 
NO 
NOz 
C - P r  
Ph 
NC 
CH=C=CHz 
CH=C=O 
N 4 = O  
CH=N=N 
N3 

152.1601 
159.0446 
166.8491 
177.5170 
191.3301 
207.3367 
227.1689 
251.1482 
313.4382 
351.7932 
394.7214 
442.3419 
493.5718 
545.7969 
611.1843 
(487.3439)” 
(228.6070)” 
265.1973 
228.0858 
244.1772 
(280.3647)” 
356.1684 
(267.6250)” 
(381.2742)” 

0.0321 
0.0215 
0.0297 
0.0434 
0.0593 
0.0484 
0.0357 
0.0240 
0.0204 
0.0264 
0.0354 
0.0472 
0.0403 
0.0319 
0.0232 
0.038@ 
0.- 
0.0419 
0.0414‘ 
0.0314‘ 
0.03W 
0.0361‘ 
0.0926= 
0.1105c 

78.2943 
85.1356 
92.9572 
103.6262 
117.4697 
133.4913 
153.3322 
177.3152 
239.5226 
277.8954 
320.8285 
368.4631 
419.7011 
475.9359 
537.3361 
(413.6568)” 
(154.9197)” 
191.3286 
154.2249 
170.3161 
(206.6774)” 
282.3113 
(193.9402)” 
(307.5854)” 

0.0495 
0.0390 
0.0477 
0.0610 
0.0775 
0.0668 
0.0545 
0.0427 
0.0381 
0.0442 
0.0532 
0.0653 
0.0583 
0.0498 
0.0414 
0.0569 
0.0824‘ 
0.0599 
0.05% 
0.0495‘ 
0.0481c 
0.054% 
O.llO€F 
0.1287‘ 

3.9 
30.1 
19.6 
18.7 
0.0 

-9.3 
-14.5 
-16.9 
34.3 
23.2 
20.1 
11.5 
6.3 
0.2 

-7.7 
-0.P 
-0.1‘ 
5.4 
0.5 
0.6 

-0.1“ 
-1.9 
-1.B 
0 9  

147.8438 
154.7018 
162.4905 
173.1285 
186.8805 
202.8637 
222.6820 
246.6716 
309.0862 
347.4304 
390.3414 
437.9337 
489.1448 
545.3535 
606.7326 
483.4642 
224.7308 
260.5829 
223.5187 
239.5778 
276.4932 
351.3131 

0.0309 
0.0219 
0.0300 
0.0431 
0.0589 
0.0489 
0.0364 
0.0244 
0.0210 
0.0267 
0.0355 
0.0470 
0.0406 
0.0321 
0.0233 
0.0377 
0.0642 
0.0420 
0.0413 
0.0312 
0.0298 
0.0357 

2.2 
18.9 
16.7 
18.2 
0.0 

-4.6 
-9.6 
-11.9 
19.0 
14.9 
15.1 
7.5 
6.0 
1.5 

-6.2 
-0.6 
1.4 
7.2 
1.3 
0.7 
4.5 
0.3 

147.8361 
154.6674 
162.4581 
173.0931 
186.8775 
202.8659 
222.6937 
246.6913 
309.0532 
347.3974 
390.3062 
437.9110 
489.1279 
545.3420 
606.7357 
483.4564 
224.7218 
260.5629 
223.5074 
239.5626 
276.4778 
351.3034 

0.0330 
0.0217 
0.0301 
0.0428 
0.0600 
0.0500 
0.0378 
0.0264 
0.0209 
0.0267 
0.0353 
0.0473 
0.0411 
0.0326 
0.0247 
0.0390 
0.0653 
0.0425 
0.0425 
0.0322 
0.0307 
0.0370 

6.1 
21.5 
20.4 
22.0 
2.6 

-0.7 
-6.4 
-11.2 
20.6 
20.7 
22.0 
14.4 
10.9 
7.5 

-1.0 
5.8 
6.3 
12.9 
7.8 
10.1 
10.3 
6.9 

115.8611 
122.7219 
130.4981 
141.1244 
154.8994 
170.8838 
190.7089 
214.7004 
277.1038 
315.4411 
358.3461 
405.9466 
457.1566 
513.3682 
574.7573 
451.4834 
192.7471 
228.5920 
191.5339 
207.5942 
244.5027 
319.3278 

207.5602 
230.5740 
266.4322 
282.4598 
262.5557 
278.5397 

0.0535 1.1 
0.0434 20.2 
0.0515 7.3 
0.0644 4.5 
0.0813 0.0 
0.0714 -3.9 
0.0595 -5.0 
0.0474 -6.0 
0.0422 19.0 
0.0482 10.3 
0.0569 6.8 
0.0689 4.1 
0.0625 1.8 
0.0541 -0.9 
0.0459 -2.7 
0.0602 -0.5 
0.0866 -0.2 
0.0637 1.3 
0.0637 -1.0 
0.0536 0.9 
0.0521 -1.4 
0.0582 -2.4 

0.0531 -3.8 
0.0908 
0.0685 
0.0583 
0.0684 
0.0583 

115.8230 
122.6328 
130.4388 
141.0751 
154.8607 
170.8483 
190.6799 
214.6834 
277.0179 
315.3736 
358.2879 
405.8976 
457.1165 
513.3344 
574.7338 
451.4534 
192.7067 
228.5549 
191.4970 
207.5609 
244.4738 
319.3078 

.- 
2 0.0545 24.5 -0.4 -2.3 -2.7 

0.0427 55.5 -6.2 10.9 5.0 O 

0.0514 37.1 -4.1 1.4 -2.6 
0.0644 30.9 -2.6 0.8 -1.9 .?’ 
0.0815 24.4 0.0 0.0 0.0 2 
0.0715 22.4 0.8 0.5 1.3 
0.0594 18.1 4.8 -1.8 2.9 
0.0478 10.9 8.1 -5.6 2.5 
0.0420 53.8 11.4 
0.0480 42.3 4.3 
0.0567 36.4 0.9 
0.0688 30.6 -3.0 -2.1 ‘5.1 
0.0626 25.3 -1.3 -3.4 -4.6 
0.0543 21.3 0.8 -5.6 -5.0 
0.0462 14.9 6.0 -9.3 -3.4 
0.0607 19.1 -8.5 
0.0867 25.4 -1.1 

-5.5 0.0641 23.3 
-4.0 0.0640 23.3 

0.0539 21.1 -9.3 

0.0588 12.9 -13.1 

2 

0.0526 18.4 -7.8 

a MP2/6-31G*//MW6-31G*. AE for eq 1, including ZPVE. HF/6-31G*//HF/6-31G*. AE for eq 2, including ZPVE. e AEis for eq 3, including ZPVE. f AE for eq 4, including ZPVE. 8 AEh for eq 
5, including ZPVE. AE for eq 13. AE for eq 14, including ZF’VE. J AE for eq 15. 
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Table 2. Comparison of Experimental and Calculated (Parentheses HF&31G*; brackete MP2/&31G*) Bond Distances (A) 
and Bond Angles (deg) of Ketenes HnMCd1=C1=01 and Allen- 

Ketenes 
M MCz CZCl ClOl MCzCi C2ClOl ref 

H 1.080(1.071)[1.0801 1.316(1.306)[1.3181 1~61(1.~5)[1.1803 119.0(119.3)[119.61 180.0(180.0)[180.01 9a 
H 1.090 1.315 1.163 118.3 180.0 9b 
Me 1.518(1.512)[1.5071 1.306(1.305)[1.319] 1.171(1.149)[1.1831 122.6(123.3)[122.61 180.5(180.0)[180.41 9c 
F 1.360(1.339)[1.3661 1.317(1.308)[1.325] 1.167(1.147)[1.183] 119.5(120.1)[119.71 178.0(177.9)[178.21 9d 
C1 1.726(1.731)[1.730] 1.316(1.308)[1.322] 1.161(1.142)[1.180] 119.8(120.8)[120.71 180.0(179.2)[179.51 9e 
CN 1.427(1.424) 1.317(1.321) 1.167(1.133) 120.4( 120.6) (178.7) 9f 

Allenes 
M MC2 C2Cl c1c3 MCzCi CZClC3 

H 1.087(1.076) 1.308(1.296) 1.308(1.296) 120.9(121.2) 180.0( 180.0) 10a 
Me 1.515(1.508) 1.301(1.297) 1.313(1.297) 124.0( 121.3) 179.5(180.1) 10b 
F 1.360U.334) 1.301(1.292) 1.309(1.295) 121.9(121.3) 178.2(178.4) 1oc 
OMe(0H) 1.375(1.357) 1.31N1.297) 1.318(1.298) 125.3(121.6) 180.0(179.6) 10d 
SMe(SH) 1.745( 1.778) 1.327( 1.293) 1.282(1.296) 125.4(121.3) 180.0(180.2) 10e 
c 1  1.736( 1.742) 1.309(1.292) 1.309(1.294) 122.2(121.1) 180.0(179.2) 1 Of 
CN 1.409( 1.440) 1.308(1.303) 1.308(1.290) 122.5(121.9) 180.0(179.5) 1% 

Table 3: Comparison of Experimental and Calculated (parentheses) Bond Distances (A) and Bond Angles (deg) 

M MCi CiNi NiNz MCiHi NiCzN2 ref 
H 1.080(1.074) 1.481(1.446) 1.228( 1.194) 120.5(118.0) 49.0(48.8) lla 
CH3 1.501(1.505) 1.481(1.444) 1.235(1.198) 122.3( 120.5)' 49.3(49.0) llb 
Fo 1.315(1.335) 1.426(1.403) 1.293(1.214) 111.8(112.5) 54.0(51.3) llc 

cyclopropenes: 
Hi 

H 1.088(1.083) 1.509(1.495) 1.296(1.276) 114.6(112.9) 50.8(50.5) 12a 
CH3b 1.521(1.520) 1.520(1.495) 1.294( 1.278) 114.1(112.5) 50.4(50.6) 12b 
P 1.365(1.372) 1.438(1.457) 1.321(1.288) 105.6(108.1) 54.662.5) 12c 
CN 1.453( 1.465) 1.511(1.496) 1.292U.272) 114.2(112.0) 12d 
NOzd 1.523(1.491) 1.483(1.469) 1.300(1.275) 12e 

diazomethanes: H,MCiHi-Ni+==Nz- 

M MCi CiNi NiN2 MiCiNi CiNiNz ref 
H 1.075(1.068) 1.300(1.280) 1.139( 1.1 16) 117.0(117.9) 180.0(180.0) 13a,b 
CN 1.424(1.417) 1.280(1.302) 1.132(1.103) 119.5(118.8) MO.O(l79.2) 13c 
Difluorodiazirine. * 3,3-Dimethylcyclopropene. 3,3-Difluorocyclopropene. 1,2-Diphenyl-3-nitrocyclopropene. e CH3C1N1. 

ing frequencies.@ Slightly different values have been 
~ ~ e d , ~ ~ , ~ ~  but the differences do not change the conclu- 
sions. 

To test the reliability of the calculated geometries these 
are compared to the available experimental data9-13 from 
microwave measurements in Table 2 for ketenes and 
allenes and in Table 3 for diazirines, cyclopropenes, and 
diazomethanes. We have reported@ the calculation of 
infrared stretching frequencies for ketenes, and analo- 
gous values for diazomethanes and allenes are given in 
Table 4. Complete tables of all the geometries calculated 
are given in Tables Al-A21 and Figures Al-Al5 
(Supplementary Material). 

Comparison of the experimental geometrical param- 
eters for ketenes to those calculated at the HF/6-31G* 
and MP2/6-31G* levels reveal avera e deviations of the 
bond distances of 0.012 and 0.011 1, respectively, and 
0.5" and 0.4", respectively, for the bond angles. In almost 
every case the HF/6-31G* calculated bond distances are 
less than the experimental values, while the MP2/6-31G* 
calculated values are larger than the experimental 

values, so if the calculated values were averaged the 
deviations would essentially vanish. Because of the 
systematic nature of the deviations and the ability of the 
HF/6-31G* calculations to reproduce the experimental 
values almost as well as do the MP2/6-31G* calculations, 
the former appear satisfactory for predictive and inter- 
pretive purposes. 

For the diazomethanes and allenes, studied at the HF/ 
6-31G* level, the average deviations between the experi- 
mental and calculated bond distances and bond angles 
are 0.02 A and 0.05", respectively. For the cyclopropenes 
and diazirines, the deviations in the bond lengths to the 
external substituents average 0.01 A, with the calculated 
bonds usually being longer, whereas the calculated ring 
bonds are almost always considerably shorter, by an 
average value of 0.03 A. 

The precision of the experimental microwave values 
is offen cited as f O . O 1  A for bond distances and f0.5" 
for bond angles. The theoretical calculations are usually 
within this range, which lends confidence in the reli- 
ability and utility of the calculations. 
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Table 4. Calculated Infrared Stretching Frequencies (v )  
and Intensities Q of Wenes MCH=C--CH2 and 

Diazomethanes MCHNz with Experimentalla Values in 
Parentheses 

allenes diazomethanes 
Z Z 

M Y (cm-lpsb (km/mol)" Y (cm-1)"sb (km/molp 
H 1993 (1959) 80 2078(2088) 777 
Li 1823 388 2058 1490 
BeH 1928 348 2155 965 
BHz 1938 383 2230 865 
CH3 2004 (1961) 50 2038(2037- 877 

NHZ 2012 11 2040 808 
OH" 2018 (1955Y 39 1987 635 
F 2034 (1970) 21 1953 447 
Na 1814 458 2026 1457 
MgH 1901 319 2108 1248 
AlHz 1930 373 2170 1073 
SiHs 1966 (1932)d 245 2115(2070)d 960 
PHz 1984 128 2110 995 
SH 2003 (1938)' 15 2094 878 
c1  2011 (1963) 6 2019(2069) 748 
CF3 2016 93 2110 718 
HC=C 1994 (1975,1950) 80 2076 1217 
HC=O 1979 (1940-1960) 143 2201 (2110Y 711 
N=O 1987 99 2176 936 
NO2 2000 67 2168(2105) 3528 
CHzCH 1989 (1950) 86 2053 1592 
CN 1994(1965,1935) 98 2132 1093 
COzH 1989 (1955) 173 

2074) 

HF'/6-31G*//HF/6-31G*. Scaled by 0.9. CBO.  Me& e C&S. 

Atomic charges7 calculated by the methods of Mulliken7" 
and the Natural Bond Orbital (NBO) method of Weinhold 
et al.,7b using the Gaussian package,8a and the zero- 
flux surface partitioning method of BadeP using the 
AIMPAC package7h are listed in Tables 5-10 (supple- 
mentary material). The latter method is computationally 
very demanding and therefore the results are obtained 
only for the ketenes and alkenes, and not for all sub- 
stituents. 

Substituent Effects on Geometries. For the ketenes 
there is a systematic trend with longer C1Cz and shorter 
CIOl bond lengths for electronegative substituents and 
the reverse for electropositive substituents. Thus at the 
HF/6-31G* level FCH=C-0 has CICz and ClOl bond 
lengths of 1.308 and 1.147 A, respectively, while 
NaCH=C=O (7) has corresponding values of 1.282 and 
1.171 A. These trends are consistent with a contribution 
for the latter compound from the resonance structure 7a, 
which involves donation by the C-Na bond. These 
trends are counteracted by the n-acceptor groups BHz, 
CH=O, N=O, and NO2 which have elongated ClCz bonds, 
and shortened ClOl bonds, consistent with the role of the 
resonance structure 8a. Further evidence for the strong 
n-acceptor ability of the BHz group is the finding that 
the energy of the structure 8b, which is constrained to a 
perpendicular geometry of the BHz group, is 18.9 kcaY 
mol less stable than 8a. 

The same geometrical trends are observed at the MP2/ 
6-31G* level, with the exception of sodioketene, which 
adopts a bridged geometry (7b), with the sodium almost 
equidistant from C1, CZ, and 01 and almost equivalent 
ClCz and ClOl bond lengths. This structure is 3.9 kcaY 
mol more stable than the alkynoate structure 7c (HF/ 
6-31G*//HF/6-3 lG*). For lithioketene a structure analo- 
gous to 7b is not formed, presumably because the shorter 
lithium bond distances do not permit this type of bonding, 
and at the MP4/6-31G*//HF/6-31G* level the lithium 

f t-BuCO. 

McAllister and Tidwell 

Na Na* 
\cI=cI=o, - /c2zcI-ol- 

H 
/ 

H 
7 71 

81 Bb 

ynolate structure analogous to 7c is 4.4 kcaYmol less 
stable than the ketene structure. 

Na 

. '. 
, \  , ,  

251; ' 2,36 

7b 7c 

Substituents with lone pairs that can act as n-donors, 
especially NHZ, OH, PHz, and SH, adopt twisted confor- 
mations in ketenes, as shown for NHz (9a) and OH (loa), 
in contrast to the situation in alkenes, where the sub- 
stituents adopt coplanar geometries that permit n-dona- 
tion, as in 9c and lob. The most plausible explanation 
of this behavior is that n-donation by substituents is 
destabilizing in ketenes, as expected since there is a large 
coefficient of the HOMO at Cp (CZ), which would inhibit 
n-donation, and a low coefficient of the LUMO at this 
position. It has been ~uggested'~" that the twisted 
geo-metry for HzNCH=C=O might arise from a stabiliz- 
ing interaction between the lone pair on nitrogen and the 
in-plane electron-deficient p orbital at C,, but our work 
indicates there is a negative Mayer bond order14b for this 
interaction, showing that no bonding occurs. The con- 
formation 9b is only 2 kcaYmol less stable than 9a and 
9.6 kcaYmol more stable than the planar conformation 
9c (MP2/6-31G*//MP2/6-3lG*), also showing the absence 
of a major favorable bonding interaction between the 
nitrogen lone pair and C,. 

H 
Hd. 9 N 

H 
/ 

H-N 

101 10b 

Structural effects in the diazomethanes are similar to 
those in the ketenes. There are no significant trends in 
the CzNl and NlNz bond lengths except for n-acceptor 
substituents, particularly CH-0, BHz, NO, and NOz, 
which show long CINl bonds and short NlNz bonds, 
consistent with conjugation analogous to that shown in 
8a for ketenes. Just as for the BHz-substituted ketene 
structure 8b, the diazomethane structure with a BHz 
substituent fured in a perpendicular geometry is much 
less stable, by 24.6 kcal/mol, than that with a planar BHz 
group, and the n-donor groups NHz, OH, PHz, and SH 

(14) (a) Footnote 12 in Brady, W. T.; Dad, M. M. J. Org. Chem. 1991, 
56,6118-6122. (b) Mayer, I. Znt. J. Quant. Chem. l986,29,477-483. 
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substituents on diazomethane also all adopt twisted 
conformations to minimize n-donation. 

The calculated NlNz bond lengths in substituted diazo- 
methanes range from 1.095 A for the BH2 substituent to 
1.134 A for the fluoro substituent and are closer to that 
for molecular nitrogen (1.078 A) than for typical com- 
pounds containing the N-N function such as the di- 
azirines, which vary from 1.169 to 1.216 A for the BH2 
and OH substituents, respectively, or HNNH (1.216 A). 
Similarly the ClNl bond lengths, which range from 1.256 
to 1.333 A for fluoro and BH2 substituents, respectively, 
in the diazomethanes, are generally longer than those 
of N-substituted methylenimines RN=CH2, which vary 
from 1.230 to 1.257 A for the BH2 and cyano substituents, 
re~pectively.~~ Thus there is a large contribution to the 
diazomethane structure of the resonance form 11, with 
C-N single bond and N-N triple bond character. 
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For diazirines and cyclopropenes the ClNl and ClCz 
bonds, respectively, are longest for the most electro- 
positive substituent Li, and shortest for the most electro- 
negative substituent F, while the NlNz bond in diazirines 
and the CzC3 bond in cyclopropenes tend to show the 
opposite trend with electronegativity. 

The variations in intraring bond lengths of diazirines 
and cyclopropenes as a function of substituent may be 
interpreted by the arguments which have been used to 
explain the comparable effects in cyclopropanes.lgVk Thus 
for diazirines and cyclopropenes the molecular orbital 
with the highest coefficient on CI is antibonding at CINl 
for diazirines and ClC2 for cyclopropenes and bonding at 
NlNz for diazirines and c2c3 for cyclopropenes. Electro- 
positive substituents (a donors) push electron density into 
this orbital, thereby lengthening ClNl or C1C2, and 
shortening NINz or c2c3, while electronegative substitu- 
ents cause the opposite effect. 

n-Donation by the small rings to acceptor substituents 
explains why diazirine with the BH2 substituent in the 
bisected conformation is 9.6 kcallmol more stable than 
in the perpendicular conformation and cyclopropene 
substituted with BH2 shows the same effect.3e This 
n-donation is via the ring HOMO, which is ClNl bonding 
and NlN2 antibonding for diazirinyl and ClC2 bonding 
and ClC2 antibonding for cyclopropenyl. As expected for 
electron donation from this orbital the ClNl and ClC2 
bonds are longer and the NlNz and cZc3 bonds shorter 
for the BH2 derivatives than expected in the absence of 
this interaction. 

The effects of n donor substituents on diazirines and 
cyclopropenes are expected to be strongest on the LUMO 
of the ring systems, which is bonding at ClNl and ClCz 
and antibonding at N1N2, or c2c3. Thus, n donors 
reinforce the a-acceptor effect, making the ClNl or ClC2 
bonds even shorter and the NlN2 or cZc3 bonds even 
longer. Thus fluorodiazirine has the shortest ClNl bond 
and the longest NlN2 bond. These effects are analogous 
to those in cyclopropanes.1gg2a 

The calculated structural effects of substituents on 
allene geometries are rather small compared to those on 
ketenes and diazomethanes and resemble the trends 
found in alkenes. Thus electronegative substituents 
shorten both C1C2 and c1c3 bond lengths, which are 
1.292 and 1.295 A, respectively, for fluoroallene, com- 
pared to values near 1.303 and 1.300 A for BeH. There 

30 401 \ 
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Figure 1. Correlation of MP2/6-31G* substituent stabilization 
energy (SEI of ketenes (eq 1) versus group electronegativity 
XBE. 

is a strong preference of 8.8 kcdmol for the BH2 group 
to be coplanar with the adjacent allene function in BH2- 
CH=C=CH2 as opposed to the perpendicular geometry, 
just as for the alkene. The n-acceptor substituents 
CH-0, CH=CH2, CH-C-0, and N-0 all prefer copla- 
nar s-E conformations. The n donor groups OH, NH2, 
SH, and PH2 prefer coplanar conformations, and in this 
respect the allenes resemble alkenes and not diazo- 
methanes or ketenes. 

Exceptional behavior is found for lithio- and sodioallene 
(12,131, both of which prefer bridged structures even at 
the HF/6-31G* level. These structures resemble that 
found for sodioketene (7b) at the MP2/6-31G* level. The 
same structure for 12 has been found by computational 
studies3b and by experimental studies of derivatives of 
12 in the solid state.3b The bending of the allenyl moiety 
in 12 has been attributed3b to the stabilizing interaction 
of the anionic lone pair orbital at C2 with the antibonding 
n* orbital of the Cl-C3 bond. 

12 13 

Energetics. In the current study we have extended 
the study of ketenes to include the effects of electron 
correlation using the MP2/6-31G*/lMP2/6-3lG* level of 
theory and the effects of zero point vibrational energy 
(ZPVE). However neither change causes a significant 
improvement in the quality of the correlations, as shown 
in equations 6-8 (Figure 1 for eq 8). This is not 
unexpected, since the energetic changes due to ZPVE 
energy are small and are expected to cancel in an 
isodesmic correlation,Bb and while the energetic effects 
of electron correlation are significant these are also 
expected to cancel in an isodesmic comparison.8b These 
results indicate that the energies obtained at the HF/ 
6-31G*//HF/6-31G* level for diazomethanes, allenes, and 
other substrates will give close correspondence with 
values obtained at higher levels. 

SE(HF) = -15.6xBE + 42.3 ( r  = 0.98) (6) 

SE(MP2) = - 1 7 . 0 ~ ~ ~  = 46.4 (r = 0.97) (8) 
As discussed above, there is a strong geometric prefer- 

ence for the n-acceptor substituents BH2, CH-0, NO, 
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and NO2 to adopt coplanar geometries, and the deviations 
of these substituents above the correlation lines may be 
attributed to the stabilization due to conjugation; for 
ketenes this amounts to 5.3, 3.0, 5.8, and 6.1 kcal/mol, 
respectively, at the MP2/6-31G* level, except for NO, 
which is a t  the HF/6-31G* level. 

Ketenes are destabilized by n-donor groups and for the 
NH2, OH, and SH substituents the twisted geometries 
(9a and 10a for the former two substituents) shown are 
stabilized relative to coplanar structures by 11.6,4.0, and 
6.8 kcdmol; no structure for a coplanar PH2 group could 
be calculated. 

The cyclopropyl group is 4.1 kcdmol more destabiliz- 
ing toward a ketene than predicted by eq 1. This effect 
would be predicted both by the n-donor ability of cyclo- 
propyl and by the enhanced o-acceptor character of this 
group due to rehybridization a t  c a r b ~ n , l g , ~ ~ J ~ ~ - ~  which 
does not appear to be reflected in the group electro- 
negativity of cyclopropyl(2.57), which is almost identical 
to that of CH3 (2.55).6 

A number of conjugating substituents including 
CH=CH2, CECH, Ph, and CN give SE values that are 
in the range f 2  kcal/mol both for ketenes and diaz- 
omethanes. These substituents all have the ability to act 
as both n donors and n acceptors, including CN,lsf and 
are bonded to  the ketenyl moiety with sp or sp2 atoms 
that would have enhanced electronegativities. Any en- 
ergetic effects due to these causes appear to cancel or to 
be offset by other effects, so that the net effects are almost 
zero. 

The effect of substituents on diazomethanes, as defined 
by the isodesmic energy reaction of eq 2, is similar to that 
for ketenes, although the total range of the SE values of 
30.9 kcdmol is significantly less than that for ketenes 
of 45.8 kcal/mol at the HF/6-31G* level, and the correla- 
tion of SE values with group electronegativities XBE (eq 
9) gives a lower correlation coefficient of 0.93 compared 
to 0.98 for the ketenes (Figure 2). This scatter for the 
diazomethanes arises largely from the large positive 
deviations from the correlation by the n-acceptor sub- 
stituents BH2, CH=O, N=O, and NO2 of 8.4,4.6,7.4, and 
4.2 kcdmol, respectively. On average these deviations 
are significantly larger than those for the corresponding 
ketenes, while the total range of the effects is smaller. 
The large stabilization by n-acceptor groups is consistent 
with the well-known stabilization of a-acyldiazo com- 
pounds as represented in structure 14c, and this conju- 
gative stabilization appears to be relatively more impor- 

McAllister and Tidwell 

(15) (a) Tidwell, T. T. In The Chemistry of the Cyclopropyl Group; 
Rappoport, Z . ,  Ed.; Wiley: London, 1987. (b) Walborsky, H. In 
Cyclopropane Derived Reactive Intermediates; Patai, S . ,  Ed.; Wiley: 
London, 1990. (c) Halton, B.; Banwell, M. G. In The Chemistry ofthe 
Cyclopropyl Group, Rappoport, Z . ,  Ed.; Wiley: London, 1987. (d) 
Billups, W. E.; Bachman, W. E. Tetrahedron Lett. 1992, 33, 1825- 
1826. (e) Walsh, R.; Untiedt, S.; de Meijere, A. Chem. Ber. 1994,127, 
237-245. (0 Dixon, D. A,; Eades, R. A.; Frey, R.; Gassman, P. G.; 
Hendewerk, M. L.; Paddon-Row, M. N.; Houk K. N. J. Am. Chem. Soc. 
1984,106, 3885-3891. (g) Lias, S.G.; Bartmess, J. E.; Holmes, J. L.; 
Levin, R. D.; Mallard, W. G. J. Phys. Chem. Ref, Data 1988,17, Suppl. 
1, 111. (h) This calculation was carried out using the facilities of the 
San Diego Supercomputer Center. 
(16) (a) Runge, W. In The Chemistry of the Allenes; Landor, S .  R., 

Ed., Academic Press: New York, 1982; Vol. 3, Chapter 10. (b) Runge, 
W. Prog. Phys. Org. Chem. 1981, 13, 315-484. (c) Lin-Vien, D.; 
Colthup, N. B.; Fateley, W. G, Grasselli, J.G. The Handbook ofznfiared 
and Raman Characteristic Frequencies of Organic Molecules; Academic 
Press: London, 1991. (d) Regitz, M.; Maas, G. Diazo Compounds, 
Chapter 1; Academic Press, Inc.: New York, 1986. (e) Bohshar, M.; 
Fink, J.; Heydt, H.; Wagner, 0.; Regitz, M. In Methoden der Organis- 
chen Chemic, Vol. E14b, Part 2; Georg Thieme Verlag: Stuttgart, 1990; 
pp 961-1371. 

0 1 2 3 4 5 
X BE 

Figure 2. Correlation of HF/6-31G* + ZPVE substituent 
stabilization energy (SE) of diazomethanes (eq 2) versus group 
electronegativity %BE. 
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Figure 3. Correlation of HF/6-31G* + ZPVE substituent 
stabilization energy (SE) of diazomethanes (eq 2) versus AEi8 
of diazomethanes into diazirines (eq 3). 

tant for diazomethanes than for ketenes. 

SE = -10.6~~~ + 30.2 

14a 14b 14c 

The calculated isomerization energy of diazomethanes 
to diazirines, namely the energy change for eq 3 based 
on the calculated energies of the two species involved, is 
particularly revealing. These values range from 22.0 
kcdmol for the highly electropositive substituents BH2 
and AlHz to -11.2 kcal/mol for the F substituent. There 
is a linear correlation between Mi, and group electro- 
negativity (eq 10) with a fair correlation coefficient r = 
0.90 and a rather good correlation (Figure 3) between the 
SE values of diazomethanes and A&, r = 0.98 (eq 11). 

(10) 

SE = 0.95AEia -4.5 (11) 

Mi,, = - 1 0 . 5 ~ ~ ~  + 34.8 

Thus the major influence on the diazomethaneldi- 
azirine isomerization is the substituent effect on the 
stability of the diazomethane. This agrees with experi- 
ence, in that diazomethane substituted with the electro- 
positive group MeSSi is quite stable, in agreement with 
the calculation, whereas difluorodiazomethane is un- 
known and is calculated to be u n ~ t a b l e , ~ ~ ~ ~  while difluo- 
rodiazirine is quite stab1e.l" 
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Figure 4. Correlation of HF/6-31G* + ZPVE substituent 
stabilization energy (SE) of allenes (eq 4) versus group 
electronegativity %BE (omitting dark points) 

The stabilization energies of the allenes (eq 4) range 
from 20.2 and 19.0 kcdmol for the Li and Na derivatives 
to -6.0 kcdmol for the fluoro substituent. It is striking 
that the SE values for Li and Na are much larger than 
for any other substituents, and a plot of SE versus XBE 
shows a large deviation for the Li and Na derivatives. 
However if the points are omitted a fairly good correlation 
SE = -5.8 XBE + 15.3, r = 0.94, is found (Figure 4). As 
noted above lithio- and sodioallene have bridged struc- 
tures (12,131, and if the deviations of these substituents 
from the linear correlation are attributed to the extra 
stabilization resulting from this interaction, these total 
11 and 9 kcaVmol for lithium and sodium, respectively. 

The remaining effect of substituents on allene stabili- 
ties covers a total range of 16.3 kcallmol, which is much 
smaller than for ketenes or diazomethanes. There do not 
appear to be any significant deviations for n-acceptor 
substituents, and the n-donor groups NH2, OH, PH2, and 
SH adopt coplanar geometries just as for alkenes. There 
is a significantly greater substituent effect on allenes 
compared to alkenes, and this may be attributed to the 
strongly electronegative sp-hybridized carbon found in 
the former. 

In a previous study3a of substituent effects on allenes 
obtained from molecular orbital calculations, the isodes- 
mic stabilization energies for a smaller group of sub- 
stituents were correlated with the field and resonance 
parameters F and R .  However the data set was not large 
enough for a definitive test of a dual parameter equation, 
and the current test shows that this is unnecessary. 

Values of E,. for conversion of allenes to cyclopropenes 
(eq 5) range from 10.9 kcallmol for the fluoro substituent 
to 55.5 kcdmol for Li, and there is a good correlation 
(Figure 5) SE = 0.56 MIS - 12.7, r = 0.97. The greater 
stability of the allenes in every case may be attributed 
to  the strain present in the cyclopropenes, and the 
absence of large destabilizing effects due to electronega- 
tivity in the allenes. The thermal isomerization of 
substituted cyclopropenes to allenes is a known 
The large range in E,, is indicative that there are major 
substituent effects operative in the cyclopropenes. Ex- 
perimentally the difference in AHf for allene and cyclo- 
propene is (20.4 f 0.9) kcal/mol,15g and for HF/6-31G* 
optimized geometries the calculated energy difference is 
24.5, 18.9, 21.0, and 21.9 kcaVmo1 at the HF/6-31G*, 
MP2/6-31G*, MP3/6-31G*, and MP4/6-31G* levels, 
re~pective1y.l~~ Thus the MF'2 and higher levels of theory 
give satisfactory agreement with the experimental dif- 
ferences. 

There have been previous theoretical studies of sub- 

-10 I 
10 20 30 4 0  50 60 

E lsom Allene 

Figure 6. Correlation of HF/6-31G* + ZPVE SE of allenes 
(eq 4) versus AEiB of allenes into cyclopropenes (eq 5) .  

stituent effects in cyc l~propenes ,~~~~ but even the most 
comprehensive of these3e included only the second period 
substituents, plus CN and NC, and utilized HF/6-31G* 
single point energy calculations on HF/3-21G-optimized 
geometries. We have now examined a larger group of 
substituents, including the third period, with HF/6-31G*- 
optimized geometries. Also we can utilize recently 
published2" data on substituted cyclopropanes to inter- 
pret the effect on cyclopropenes. Thus for the isodesmic 
exchange between isopropyl and cyclopropyl derivatives 
(eq 12), there was found a linear correlation with sub- 
stituent electronegativity over a 13.9 kcdmol energy 
span, with cyclopropyl substitution favored for electro- 
positive substituents.2a This was ascribed2" to the strong 
electronegativity of the cyclopropyl group, arising from 
the high s character of the exocyclic orbitals. The major 
deviation is for BHz, which is even more stabilizing as a 
cyclopropyl substituent, and this is attributed to conjuga- 
tive electron donation from the cyclopropyl to BHz.~" 

c-PrX f i-PrH - c-PrH + i-PrX (12) 
Substituent effects on cyclopropenes compared to 

cyclopropanesza by the isodesmic reaction of eq 13 are 
given in Table 1 and cover a range in isodesmic energies 
from -6.2 kcaVmol for lithium to 8.1 kcaVmol for C1 for 
a total span of 14.3 kcdmol, with substitution on 
cyclopropenyl favored by electronegative and 
disfavored by electropositive substituents. This trend 
may be explained as a manifestation of incipient anti- 
aromatic character in the cyclopropenes substituted with 
electropositive groups and aromatic stabilization of cy- 
clopropenes with electronegative substituents. Thus as 
shown for lithiocyclopropene (16) and fluorocyclopropene 
(16) the extreme resonance structures 16a and lea 
involve 4fc antiaromatic and 2n aromatic structures, 
respectively. An earlier studyd of cyclopropenes detected 
a "hint" of antiaromaticity in 15, and the molecular 
structures of 3-~yanocyclopropene~~d,e and 3-nitro-1,2- 
diphenylcyclopropenel%,f were also interpreted in terms 
of incipient stabilization as in 16a. Antiaromatic desta- 
bilization of the planar cyclopropenyl anion causes this 
species to adopt a structure with C, symmetry, with two 
hydrogens below and one above the ring p1ane.l' 

Substituent effects on diazirines relative to cyclopro- 
penes and cyclopropanesza are evaluated according to eqs 
14 and 15, respectively, as compiled in Table 1. There 

(17) (a) Li, W.-K. J. Chem. Res. S 1988, 220-221. (b) Hess, B. A., 
Jr.; Schaad, L. J.; Carsky, P. Tetrahedron Lett. 1@64,25,4121-4724. 
(c) Winkelhofer, G.; Janoschek, R.; Frater, F.; Spitenagel, G. W.; 
Chandrasekhar, J.; Schleyer, P. v. R. J. Am. Chem. SOC. 1986, 107, 
332-337. 
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Table 11. Correlation of Charges with Group 
Electronegativities DE 

Mulliken NBO Bader 

McAllister and Tidwell 

21  / 

substrates slope r slope r slope r 
ketenes 
alkenes 
diazomethanes 
diazirines 
alkenes 
cyclopropenes 
isocyanatesa 
iminesa 

References 5f. 

0.24 0.87 0.43 0.96 0.63 0.88 
0.21 0.85 0.42 0.95 0.47 0.86 
0.24 0.88 0.46 0.96 
0.23 0.90 0.44 0.97 
0.20 0.80 0.38 0.92 
0.21 0.88 0.43 0.97 
0.14 0.75 0.33 0.96 
0.19 0.82 0.39 0.96 

15 15. 16 16a 

is a large span of 24.9 kcallmol for eq 14, with diazirines 
highly favored by the strongly electropositive substiuents, 
especially Li and Na, and the cyclopropenes strongly 
favored by F and C1. A strongly electronegative character 
of the diazirinyl group would seem to contribute to these 
effects, although the overall correlation of hE with 
substituent electronegative is only fair. There is a range 
of 10.1 kcal/mol in the SE values in the comparison of 
substituted diazirines and cyclopropanes (eq 15), with a 
notable trend being that the third-period groups all favor 
cyclopropyl substitution, by at least 5 kcal/mol, relative 
to corresponding second period groups. 

Atomic Charges. The evaluation of the atomic charges 
obtained by the different methods may be done in various 
ways. One is the correlation of the charge on the 
substituted atom with the substituent electronegativity, 
and the results of such correlations are compared in Table 
11. These correlations for Mulliken charges have slopes 
of between 0.14 and 0.24, with correlation coefficients of 
0.75 to 0.90, while the NBO-derived charges give slopes 
of 0.33 to 0.46 and correlation coefficients of 0.92 to 0.97. 
Thus the variation in the charges, as indicated by the 
slopes, is twice as large by the NBO method, with 
decidedly better correlations. The Bader charges give 
even greater variations in the charges, as indicated by 
the slopes of 0.47 and 0.63, but the correlation coefficients 
of 0.86 and 0.88 are similar to those found with the 
Mulliken charges. 

Thus the trends in the charges obtained by all three 
methods are similar, although the largest and smallest 
variations in charge are obtained by the Bader and 
Mulliken methods, respectively. However the best cor- 
relation with substituent electronegativity is obtained 
with the NBO method, and because of the general utility 
and widespread applicability of these parameters the 
NBO method seems most attractive for obtaining mean- 
ingful atomic charges. 
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Figure 6. 6. Correlation of calculated Natural Bond Orbital 
(NBO) charges of ketenes (open circles) and alkenes (dark) 
with calculated Mulliken charges (MI. 
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Figure 7. Correlation of calculated Bader atomic charges with 
Natural Bond Orbital (NBO) atomic charges for ketenes. 

The charges obtained by the NBO method give the 
correlations of eq 16 and 17, for alkenes and ketenes, 
respectively, with the corresponding Mulliken changes, 
and an overlap plot of these correlations is given in 
Figure 6. Correlations of the NBO or Mulliken charges 
with Bader charges give the much poorer correlations of 
eqs 18 and 19, respectively, as shown in Figure 7 for eq 
19. 

charge(NB0) = 1.63(charge Mulliken) + 
1.06 x (r = 0.93) (16) 

charge(NB0) = 1.36(charge Mulliken) + 
3.62 x (r = 0.95) (17) 

charge(Bader) = 1.52(charge NBO) + 
0.022 (r = 0.69) (18) 

charge(Bader1 = l.O2(charge NBO) + 
0.211 (r = 0.71) (19) 

From these results it may be concluded that charges 
calculated by the Mulliken and NBO methods give 
comparable results, although the range of charges cal- 
culated by the latter method is somewhat larger The 
largest deviations from the correlations are associated 
with the large positive NBO charges on Be, Mg, and AI 
(1.33, 1.44, and 1.45, respectively for alkenes, and 1.35, 
1.48, and 1.45, respectively, for ketenes), and the large 
negative charges at the corresponding substituent bonded 
carbons of -1.11 to -1.38 at C1 for ketenes and -0.86 to 
-0.97 at CZ for alkenes. Thus the NBO method indicates 
a much greater ionic character for the C-metal bonds 
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compared to the Mulliken method. Interestingly the 
Bader method indicates even greater positive charge on 
these metal atoms (1.75 to 3.03 for Be, B, Mg, Al, and Si 
for alkenes and ketenes). However the Bader method 
shows the negative charges in these compounds are 
distributed more to the metal and carbon-bonded hydro- 
gen atoms, as compared to the NBO and Mulliken 
charges. The Bader charges on oxygen are all in a 
narrow range from -1.31 for the NO2 substituent to 
-1.43 for Li, showing a large negative charge which is 
only moderately affected by the n-acceptor character of 
NO2 and the donor character of Li. 

Comparison of the NBO charges of the substituted 
carbons of the ketenes to those of the corresponding 
alkenes show that the negative charge at this carbon is 
greater by 0.33 to 0.43 electron for the various substitu- 
ents, and this high negative charge at CZ of ketenes is 
consistent with the known reactivity and 13C NMR 
chemical shifts of these compounds.18 

For diazomethanes a similar trend in the charges at 
the substituted carbon with that of alkenes is found, with 
the former being more negative by an almost constant 
0.35 electron, while for allenes the substituted carbon is 
also more negative than for alkenes, but by an average 
of only 0.1 electron, showing that the allenes are consid- 
erably less polarized than are ketenes and diazomethanes. 

Thus while the relative charges obtained by the NBO 
method give the best correlation with substituent elec- 
tronegativities, it has been suggested’g that while the 
Bader charges do have a well-defined physical signifi- 
cance, they are “completely unsuited in the framework 
of the nuclei-centered point-charge models of molecular 
properties,” and they should not be used within over- 
simplified models. Thus comparison of the Bader charges 
for ketene to those of ethylene shows that the CHZ carbon 
in the former is indicated to  be positively charged, and 
by 0.32 electron more than the carbons in ethylene. 
However the interpretation of the high-field 13C NMR 
shift of this carbon in ketene and the dipole moment both 
indicate this carbon has excess negative charge.18 

The Bader charges show extreme values of charge, for 
example the CF3 groups in CF&H=C=O and CF3- 
CH=CHz both have negative charges of -0.75 on each 
fluorine and a positive charge of 2.04 on carbon, indicat- 
ing a strikingly high degree of ionic character to this 
group, while the SiH3 groups in SiH&H=C=O and SiH3- 
CH-CHz have positive charges on silicon of 3.03 and 
3.01, respectively, and the hydrogens each have a nega- 
tive charge of -0.75. These high charges are indicative 
that charges calculated by the Bader method for these 
molecules give values that are different from conven- 
tional chemical expectations. 

An independent comparison of atomic charges of 
acylketenes calculated by the Mulliken, NBO, and Bader 
(CHELPG) methods has appeared” and is in harmony 
with that given here. 
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(18) Tidwell, T. T. Ketenes; John Wiley; New York, in press. 

Infrared Spectra. We have presented5g a detailed 
comparison of the calculated and observed ketene band 
infrared frequencies. For allenes comparison of the 
calculated and observed IR16a-c frequencies for the C%% 
asymmetric stretch (Table 4) shows that the former are 
consistently less than the observed values, by an average 
of 48 cm-l. The overall range of the observed frequencies 
is only 38 cm-l, and for both the calculated and observed 
frequencies there is a decrease in the frequencies with 
decreasing electronegativity. This is consistent with the 
results for the ketenyl g ro~p ,~g  for which there is a linear 
dependence of the frequencies with the field or inductive 
substituent parameter F. There is also a reasonable 
correlation of calculated allene and ketene frequencies. 

The effect of substituents on the frequencies of the 
diazomethyl group have been interpreted“jC as being due 
to the inductive and resonance effects of the substituent, 
and in particular the ability to conjugatively stabilize the 
negative charge on carbon in 17a, which has high N-N 
triple bond character and causes a shift to higher 
frequencies. 

As seen in Table 4 the calculated frequencies for the 
diazomethanes differ from the reported16c-e values by as 
much as 100 cm-’, and furthermore there is no discern- 
ible trend in the deviations. It is also known16d that the 
measured values are medium dependent, but this is also 
true for ketenes and allenes, yet the calculated values 
for the latter two are of some diagnostic value. The 
reasons for the greater discrepancies between calculated 
and experimental diazomethane parameters are not 
apparent at present. 

In summary the calculated structures and energies of 
ketenes, diazomethanes, diazirines, allenes, and cyclo- 
propenes reported here are of great utility in the under- 
standing of many properties of this species. In addition 
several methods for the calculation of atomic charges are 
compared and calculated IR frequencies of cumulenes are 
evaluated. 
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