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Mrtrrcc-T?tc operational dctinitioru of bond length alt ducuucd. The lmporuna of using bond 
kngttn dctumincxl by the umc cxp&mmol method when looking for small vanat~o~ u anphuued. 
A su~y u g~vcn of ~clccnt ma.suremcn~s of C< and CK bon& and of the various ~ypu of CC 
xtngk bonda. The singk bond kngth~ may be fi~tal by a set of orbItal radu whtch depend on the 
hybndization state of lhc carbon atom. Bonda betwan urban and mtrogen. oxygen, fluo~c. 
chlonnc. and sIlKon ue &o ducu&. While vrnation~ in CC bond lengths an be ntafactonly 
cxplutcd on the baais of hybnduuon bcrng the major factor, it l ppun naxasq to uWodua 
ckstron dclouhzation effaa, when l tomr with lone pan” are mvolved. It u shown that bond angks 
do not provldc a rrllabk mevum of the carbon hybriduaatlon. 

INTRODUCTION 

IT is probably fair lo say that bond lengths have been more widely used than any other 
molecular property for providing an insight into the nature of the chemical bond. 
Even with very crude mcasurcmcnts of bond length, it has been possible to detect some 
of the gross effects of molecular environment upon the bood bctwccn two given atoms. 
As theories of molecular structure have been refined, thcrc has been a tcodcncy to 
attach sigoificancc to smaller and smaller variations in mcasurcd bond Icngths. 
While experimental techniques have improved coocurrently, the conespoodence has 
not always been one-to-one. In the cast of carbon<arboo bond lengths in particular 
it appears that the cxpcrimental uocertaintics have not always been fully appreciated. 
As an example it is ooly necessary to cite cthanc. where ao observed CC distance of 
I.543 A has long held the status of an absolute standard for the paraffinic CC bond. 
Whrle many authors have taken this value to bc accurate to 0401 A, improved 
measurements during the last three years have shown the concct distance to bc O.OlO- 
O-020 A shorter. Furthermore, the precision of mcasurcment of this and many other 
bond distances is now suflicicntly high that II is ncccswry to consider the operational 
definition of the distance obtaiocd by each cxpcrimcntal tcchniquc. 

While ambiguities of 0~01-0~02 A arc small in an absolute sense. they are not much 
smaller than some of the bood-length variations which arc regarded as theoretically 
significant. In this paper WC shall discuss someof thedif?iculticsiocomparingcarbon- 
carbon distances and afterwards review the status of mcasuremcnts on different types 
of CC bond,. Some tmplications of the present mcasurcmcnts will also bc pointed 
out. 

THE MEANING OF MEASLRLD BOND LtNGJHS 

An ideal measurement of a bood length would provide a value for r,, the distance 
between the two nuclei tn the hypothetical vibrationless state of the free molcculc. 
Any practical mcasurcment. of course. will yield a distance which is averaged over the 

vibrational motion of the nuclei. It is clear that the nature of this averaging is oot 
identical for the two principal methods of measurement. spectroscopy and electron 
diffraction. With sufficient knoulcdgc of the vibrational motion WC might hope 
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ullimatcly to hc able to corrccl the avcragc di\tanccs dctcrmincd by each method IO 

cquilihrium values. While some progrcsr I> being made in this ducction, WC arc at 

prcscnt unable to make thic correction with confidcncc for any but the very simplest 
molcculcs. It is thcrcforc important to cxaminc the validity of comparing expcrimcntal 

bond Icngths dctcrmrncd in drlfcrcnt ways. 

An analysts of the rotational bpcctrum of a molecule yields the three rotational 

constants uO, I+,, cr, for the ground vibrational and clcctronic state. It is customary to 

dcfme ground-\tatc moments of mcrtta as the reciprocals of thcsc constants. LIZ., 
I,” - h2/2ao. etc. It 1s well known that /,,O dtffcrs in a very complicated way from 

I,‘, the moment calculated from the cquihbrium co-ordinates r,; since the rotational 

constants include a contrrbutron from Coriolis interactions with cxcitcd states. it is 

not in general possible to cxprcss 1.” as an explicit avcragc over the vibrational co- 
ordinates. In only a few cases. outside of diatomtc molcculcs. is thcrc enough informa- 

tion available to obtain accurate values of the 1”s. Consequently, most structures 

dctermincd by spectroscopic methods have been of the 5o-called r0 type. We may 

define an r. structure as a 5ct of gcomctric paramctcrs which rcproducc the obsemcd 

values of I.,“, fbo, I,O for the molecule. Such a structure is uniquely d&cd for diatomtc 
molcculcc and for a few special polyatomic type’ such as linear XY, and tetrahedral 

XY, molecules. However, when WC advance to the slightly more complicated case of 

a bent XY, molcculc. the r. structure is no longer unique, since one can calculate three 

structures from the moments of tncrtta which will not bc tdcntical bccausc of the ftmtc 

inertial dcfcct. When the number of indcpcndcnt structural paramctcrs cxcccds three, 

WC mu5t USC the ground-state momcnt5 of more than one isotopic spccics (or clsc 

assume some of the paramctcrs) in order to obtain the r. structure. Stncc the change 

of mass aficcts the vtbrational motion as well. the resulting 5tructurc WIII depend upon 

our choice of isotopic spccics-a choice which in pract~cc has often been drctatcd by 

natur-I isotopic abundances or the cast of chemical synthesis. Numerous cxamplcs 

have been given off0 structures which vary over a range of 0~01402 A when different 

combination5 of isotopic spccics arc used in the calculatron. To rcducc this problem. 

many investigators have studied more isotopic spccics than ncccssary and used a lcast 

Jquarcs proccdurc IO obtain the “best” 5tructurc. Howcvcr. the result is still dcpcndcnt 

on the choice of imput data, and it is alwayc difficult to assctr the real unccrtainttcs in 

such a structure. 
WC mu5t conclude. then. that the r. structure is a rather fuzzily dcfmcd concept. 

Thts dots not imply that r. structures arc uxlcss; indcsd. m simple molcculcs the 
distance bctwccn heavy atoms IS often rclattvcly insensitive to the choice of data for the 
calculation. Howcvcr. the lack of an unambtguous operational definition. and the 

conscqucnt difIiculty in estimating the probable errors, makes r. structures funda- 
mentally unsuttablc for the detection of small diffcrcnccs in bond distances. In an 
effort to avoid thcsc problems Costain’ has proposed the USC of f, or “suhslitutton” 
structures. The I, coordinates of a given atom in a molcculc arc dctcrmincd by the 
isotope ~hi/r.r in the moments of inertia when that atom (and no others) is substituted. 
A complctc I, structure thus rcquircs single Isotopic substitutions on cvcry atom. The 
I, paramctcrs will not rcproducc the ground-state moments 1.“. lb’, /,O. but gcncrally 
give calculated moments which arc smaller. From this and other arguments Costain’ 
has shown that the I, paramctcrs usually provide a closer approximation to the 1,‘s 

’ C C Co~r~n. 1. Chrm. Phtf. 29. 864 (1958). 
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than do the re’s. The exact relation between r, and r, is not yet understood for poly- 

atomic molecules. Howcvcr. the tmportant advantage of the r, structure lies in its 

unambiguous opcratronal dctinition. which can be dcmonstratcd by two tests: (I) in 
overdctermined systems different spccics may be used as the starting pomt for the 

isotoprc substitutions, and the resulting I, co-ordinates generally agree to 0401 A or 
bcttcr; (2) in molecules which have an axis or plans of symmetry one obtains 

essentially the same I, paramctcrs (at least for heavy atoms)* rcgardlcss of what 

combination of moments is uscd.j The most serious dtficulty occurs when an atom is 

close to a principal rncrtral axis; in such a cast the I, co-ordinate is unrcliablc because 

of vibrational cffccts. and some other tcchmquc must bc used. Howcvcr, if WC exclude 

these unfavorable examples (which arc easily rccognizcd), the selfconsistcncy of r, 

hond lcnpths to a precision of 0001~tMI2 A or better has been demonstrated in a 

variety of molcculcs. WC can thcrcforc have considerably more confidence in com- 

paring bond lengths in a scrics of molcculcs when they arc all dctcrmincd by the 

substitutron method. 

Interatomic distances measured by clcctron difTraction arc generally reported 

cithcr as r, values. obtained from the maxima in the radtal distribution curve, or r, 
values, which arc based on the centers of gravity of the peaks in the curve. The 

imprtancc of specifying the type of distance which is rcprted has been emphasized 
by HartclIP. There is some cvidcncc to mdicatc that r, distances. at lcast when measured 

in the same laboratory, arc suitable for precise comparison of bond Icngths. For 

example. the CC distances in the normal hydrocarbons from butane through hcptaneb 

whcrc thcrc IS no reason to expect any srgnificant dtffercnce in I, values. fall in the 

range 1.531-1.534 A (with a stated cxperimcntal uncertainty of 0402 A). However. 

an independent value of I.539 -1. 0402 A has also been rcportcd for n-butane.” 

If wc tentatively accept that the elcctrondiffraction re distances provide a self- 
con\istcnt set of bond lengths which may be compared among thcmsclvcs, thcrc 

remains the problem of their rclatton to the spectroscopic I, dtstances. Unfortunately, 

thcrc are not many cxamplcs whcrc an accurate comparison can bc made. In the case 

of saturated hydrocarbons, the r, carbon -carbon distances in propane’and isobutaned 
arc 1.526 : 0402 A. Only an r,distancc is available for cthanc, but a rough correction” 

suggests that the r, dtstancc is in the range I.525 I.530 A. The r. distance in the higher 
parafins’ is I.533 - 0402 A (with an altcrnativc value of I.539 A). and 1.538 A 
has been reported for ethanc. e Thcreforc. it appears that r, values for the CC distance 
arc larger than the I, values by something like 0405-0010 A. Similarly, the r, CH 

distances in the higher parafTrns (an average of methyl and methylenc groups) range 
from I.108 to I.121 A. while in propane the mcthylenc CH bond has an r, length of 

I.096 :: OXKI2 A, and the methyl CH bond is even shorter. There seems little doubt 
that thcsc diffcrcnccs arc outstdc the cxperimcntal precision of the rcspectivc methods. 

* This I< not always INC for hydrogen atoms. There IS par~~cu-ular dtfficulty when an atom IS ~nrolvcd m I 
Iargc~amphtude wbratlon. c.g the torwonal molton of a methyl group (see rrf. 7). 

’ Tha mcrnr. for cramplc. Ihat the rclabon A/.’ . S/,O - A/,O - 0 IS uturlly ,rtlsbcd :o a good rpprorl. 
mrcton when rn ISOIO~IC rukf~tuc~on I\ mrdc I” a planar molecule. whllc 1.’ I I,* - 1,’ I 0 because of 
xr*polnt vIbrational cflcco 

’ L. S. Hartcll. J Chrm Phts U. I?19 (1950. 
* R A. Bonhrm. L S Barccll wtd D A Kohl. J Amrr Chrm Ser. 81.476! (1959) 
* K. Kuchllsu. Roll Chrm Ser. Japan 32. 748 (IPW). 
’ 0. R. LI& J <‘hem Phba. 33. 1314 (1960) 
’ D. R. Ltdc. J Chrm Phw 33. 1519 (1960) 
’ A. Alrncnn~ngcn and 0 Rawanun. Arro Chrm Scord 9. 815 (1955); corrected to rn ,, *rlu.f 10 rcf 3 
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At the present time. then. several dtstinct types of bond distances arc being 
reported, and thcsc may differ from each other by considerably more than the strictly 

experimental uncertaintics. Unttl it IS psstblc to reduce these distances to some 

common denominator (preferably I,) without too grsat a loss of accuracy, it IS 

desirable to restrict oneself to a smglc type whsn comparmg bond distances in different 

molecules. Even here. of course, one is tacttly assuming that r, (or I,, as the case may 

be) bears some constant relation to r,; i.c. that the vibrational pattern doe not differ 

markedly from one molecule to another. This is probably not too bad an assumption 

in the cast of hydrocarbons. although its effect on methyl-group structures might be 

important. 

With these problems in mind, WC shall attempt a critical survey of the expcrimcntal 

results on the lengths of CC bonds of vartous types.. Aromatic compounds will not 

be discussed bccausc of the limrtcd amount of data. Most of the comparisons will be 
made among r, values. but t, dtstanccs will be quoted when available. 

C-C AND C .C BOSIJS 

There is now complete agrcemcnt that the C =C dtstancc in cthylcnc, rcgardlcss of 

the method of measurcmcnt. is about 0.02 A shorter than the I.353 A value which has 

been accepted for many years. Spcctroscoptc r,, values of 1.337 .t MO3 A (infrarcd)‘O 

and l-339 ,i, O-003 A (rotational Raman) I1 have been recently rcprtcd. We can 

estimate that the r, distance is probably 1.330.1.335 A; it IS very unlikely to bc less 

than I.330 A. Some reported I, values in cthylcnc derivatives are l-336 !. 0.004 A in 

propylene, I1 I.332 f 0.002 A in vinyl chloride. I’ I.329 j 0.006 A in vinyl fluoride,*’ 

I.325 1: 0.002 A in’l.2dtfluorocthylcne.1~ 1.339 A in vmyl cyanide” and 1.347 :: 

0~13 A in vinyl silane. I’ Thcrc appears to bc 3 tcndcncy for halogen substitution to 

dccrcax the C-C dtstancc slightly.lb and the vinyl silane distance is higher than the 

other cxamplcs; othcrwtsc, the variattons among thcsc compounds arc probably not 

significant. We can 3dopt I.335 I: 0.010 A as the charactcristtc r, value for the C C 

distance. 
The constancy of the Cd distance is also supported by electron diffraction results. 

Some rcportcd values arc I.333 :: O-002 A in cthylcnc.r8 1.331 + OX)03 A in isobuty- 

lcoel* and I.337 -i. OGOS A m I.3-butadienc.P 
The r, Icngth of the C -:C triple bond has been accurately determined in methyl 

acetylcnct (1.206 A) and cyanoacctylenc’ (l-205 A). The precision of these values 

should bc about OXlO A. A somewhat less accurstc value of I.209 A has been rcportcd 

for propynak” HC :CCHO. In acctylcne ‘fi ttsclf r,, I.207 A and r, : l-205 A. 
The constancy of the C-C bond length at about I.206 A is thercforc wcllcstablishcd. 

I* Ii. C. Allen and E. K. Ptylcr. J. Amer. Ckrm. Sot mo. 267) (1958). 
I’ I. M. Dowllng and B. P. Sto~chctT. Co&. 1. Phyq 37. 703 (1959). 
Ia D R. Lldc and I>. Chnrtcnun. 1. Chrm. Phts. IO be publlrhcd. 
** D. Kwclson. L. B. Wilson and D. R. Lade. Jr.. J. C’hrm. Ph,w. 32. 205 (1960). 
I4 Calculr~cd from data of 8. Bat. D. Chrwcnscn. 1 Hansen-Nygrard and J RastrugAndcrun. SprrrrocMm. 

Acre 13, I20 (1938); H. W. Moryn and 1. H. Goldstctn J. C’Arm. Phy~. w). 1023 (1959). 
I’ V. W. Laurw. J Chrm Phvr 34. 291 (1961). 
a’ C. C. Costam and B. P. S~oxhclT, J. Chrm. Phn 30. 777 (1959). 
I’ 1. M. O’Rc~lly and L Rcra. J CIrm Ph,rc 34. II76 (1961) 
” L. S. Bartell and R. A. Ronham. J. C’hrm. PAYS. 31. 400 (1939). 
” L. S. Bancll and R. A. Bonham. J (km. PA~J 32.824 (1960). 
a0 A. Almcnnmgcn. 0. Butwucn and M. l‘rrttckry. Acto Chrm. Srurul. 12. 1221 (1958). 
‘I C C Co-tam and I. R Monon. J. Chrm PA.,, 31. 119 (1959). 
u 1. H Callomon and 8. P StolchctT. C’orwd. J Phts 3s. 373 (195:). 
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The most accurate mcasuremcnts avatlablc at this time indicate that any lengthen- 

ing of double and tnplc bonds by conjugation must be extrcmcly small -certainly less 

than 0.010 A and probably not over OX)05 A. This result is consistent with most 

current thcones. Even when conjugatton is assumed to affect other molecular pro- 

pcrttcs m an important way, recent calculations p mdtcatc that multiple-bond lengthen- 

mg should hc the order of 0.005 A or Icss. 

C-C SINC,LF. BONDS 

The near-constancy of the length of carbon-carbon sin& bonds of a given bond 

type has been pointed out many trmcs. ‘#eU We shall review the most rcccnt mcasurc- 

mcnts to see the extent to which this constancy is confirmed and to establish the best 

values for the vartous bond type’. The symt~ols~ re. rr, & WIII bc used to indicate 

carbon atoms with hybridization sp’. .@, X/P. rcspccttvcly. All distances arc I, values 
unless otherwise stated. 

te IC. Two rcliahlc I, values are availahlc for saturated hydrocarbons, I.526 : 
OtXI2 A m propane’ and I.525 : OXlO2 A in rsobutanc .” It has already been mcntioncd 

that the cstimatcd I, distance m cthanc is conststcnt wtth thcsc. WC shall adopt 

I.526 0.002 A as the standard fe-rc distance. 

[e-/r. The best mc;lsurcmcnts of thts bond length arc I.%01 :i 0.004 A in propy- 

Icnc.” I.503 : O403 A in acctyl fluor&.“-’ I.490 I 0.010 A in acctyl cyanidc,S and 

I-500 i. 0.005 A in acctaldchydc. z The acctaldchydc distance comes from an r,, 

structure, but a rscalculatton shows that I, probably dots not differ by more than 

OXlO5 A. An r0 drstancc of I.507 A has been found in isobutylcnc.” The agrccmcnt 
among these molcculcs is satisfactory. and II is rcasonablc to adopt a rcpresentattve 

distance of I.501 1 0404 A. 
The dtfferencs bctwccn the IC -re and IC- II bond lengths is thus 0.025 A. with an 

uncertainty of about OX)06 A. The electron diffractton (I,) result for the re- -fr bond 

in tsobutylenP is I.505 : 0003 A. which is 0.028 = OX)05 A shorter than r, for the 

(e-te bond.’ This close agrccmcnt on the cligerenrc in bond lengths is encouraging. 

It has long been rccognizcd that the /e. -,/r bond IS shorter, but prcviousestimatcs ofthc 

amount of this shortening wcrc about twice as large as the present value. 

IC- ,clr. Good dctcrminations have been ma&’ on methyl acctylenc (I.459 A) and 

methyl cyamde (I.458 A). WC may adopt a value of I.459 + ONI2 A. 
tr tr. Thcrc is unfortunately no r, value available for this bond type. A spcctro- 

scopic (r,,) structure has been rcportcd for s-[runs acrolcin.g H,C-CH-.-CHO; 
however. this structure is far from umque since only one isotopic species was studied. 

The rcportcd C-C Icngth of I.45 A is probably too low. since the C C distance used 

(I.36 A) is undoubtably too high. In I .3-butadrcnc ID the clcctrondiffraction value for 
the rr- tr distance is I.483 : 0.010 A. One might guess that the r, distance is I.47 - 
I .48 A. 

rr-.cli. Values of I.426 A in vinylcyanideleand 1447 A in propynal” (HCXCCHO) 
have been rcportcd. Roth distances arc stated to bc accurate to !. O$IOl A. Howcvcr, 
this appears to bc somewhat optimistic. since one atom in each molecule is rather close 

” R. S. Mullthen. Tttrokdror, 6.68 (19S9). 
y G. ~tcnbcrg and B P. Stotchd. Sotwr. Lord 175. 79 (19SS-j. 
‘* L. Pvcrcc and L. C Krohcr. J. C’hrm Phvs. 31. 675 (19S9) 
” L C Krtrhcr and 1.. B. Watson. 1. Ckm. Ph,rs. 31. 662 (1959). 
” R. W. Ktlb. C. C Lln and I’ B Wdron. J Chrm Phyr. 26. 1695 (IPJT). 
*’ R. Wagner, J Ftnc. 1. W. Sammonr end J Ii Goldrkm. 1. Chrm Phvs 26. 634 (1957) 
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to a prmcipal axis. An uncertainty of about OX)04 A is perhaps a more realistic 

estimate. Even so, thcrc is no doubt that the bond length d~ffcrs in the two molcculcs, 

and a still larger value, 1466 :: 0.010 A, has been obtained for acetyl cyanide.” 
Costam and MortorP have suggested that the rephcemcnt of .CH, by -.O tends to 

lengthen the adjacent C -C single bond by 0.02 A ; howsvcr, no such effect is nottccd 

when propylene is compared wtth the acctyl compounds (see above). WC cannot 
select a standard value for the or- cl; bond length. but must accept a range from I.42 to 

1.46 A. 
clr 41. Only one I, value IS avatlahlc. I.378 -.- 0001 A in cyanoacetylenc.’ The 

r0 length in diacetylcnc,” I.376 r: 0902 A for an assumed C - .C length of I .2OS A. is 
consistent with this, 

TYP 

-.- 
It It 

It- -I1 

It'd 
I,, .I, 

II -A 

llr -4 

I Obr Icngth’(A) 

- -- .-__. 
I 526 0 002 

1501 ,000, 

1459 : 0002 
t-147 I 48)’ 

1426 fOOO4’ 
1445 :0004’ 
1466 f OOIW 
I 378 : 0001 

C’k~lr~ed lcnglh 
- - -, ..- - 

SC1 A .%I R 
-. .._ _I__ -. 

I 520 (I !?6f 
1506 I (I.5001 v 

I I 454 (I 4w 

I.486 I 476 

1434 1 434 

I 382 I I w2 

0 763 0,761 
0 743 I 0 731 

06‘91 0 6% 

COVALENT RADII FOR CARBOS 

Scvcral cfTorts have been mad@‘--)’ to explain the characteristic lengths of the 
vartous C-C bond types in terms of a set of covalent radu which dcpcnd on the state of 
hybridization of the carbon atom. It is of intcrcst to rcvicw this proccdurc in the hght 
of the more accurate data now avatlablc. WC wash to ftnd three radii--p,,, p,,, and 
pl, -which rcproducc the charactcristtc Icngths dtscusscd in the last section (thcsc arc 
collected in Table I under “Ohs. Icngth”). The best overall fit is obtained with the 
radii listed under “Set A” In Table I. Wtth the cxccptton ofacctyl cyanide, which will bc 

anomalous in any calculrrtton, the mean deviation for this ftt i\ 0905 A. 

l Set text for molcculo used 
* No I, vrluc arrdrblc’ crllmafc IS baud on clcctron dlfirxtlon PCWII for 

I.~~butrd~cnc 
* Vql cyan& 
. Propynd. 
l Acctyl cyan& 

An altemattvc proccdurc IS to assume that the bonds which involve a IQ carbon 

** M. I. S. Dcwrr uv.l II h’. Schmcwng. Ttrrohtdrun S. 164 (1959). 
” G. R. Somya~ulu. J Chtm Ph,s 31.919 (1919). 
” H J Bernstem. J. Phvs Chrm 63. 563 (1959) 
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atom can be charactcnred by 3 WI of ucll-d&cd cov3lcnt r3dn I.C. that hypcrconjuga- 
[Ion has a ncghgiblc cfTcct on bond length. WC can USC the ohscrvcd lengths of the 

W-W. re-rr. and re--dl bonds IO calculate thcsc radu (“Set B” of Table 2) and then 

predtct the remuming bond Isngth\. The di-dr bond IS seen IO bc 0.014 A shorter than 

prcdtctcd. while for fr clr bonds. the distance in vtnyl cyamdc IS 0.008 A Icss. and that 

In propynal 0.01 I A greater (each : 0404 A) than the prcdtctcd value. If we accept 

the clcctrondiffractton result on butadicne. m II is unhkcly that the M-W bond, uhcrc 
WC have no r, v3luc 31 prcscnt. dtffcrs very much from the predtctcd length of I.476 A. 
If we now wrsh IO axrthc the dtlicrcnccs bctwcen predicted and obxrvcd Icngths IO 

conjugation, its contrlhution need nor be very large-roughly IO per cent of the total 

shortening rclattvs IO the p3mfftnic bond is sufiictcnt. Thus thcrc IS no contradIctton 
with our prcmlsc that hypcrconjugation IS ncgliglblc. Furthcrmorc. some other ctTcct, 
perhaps clcctroncgatlvtty dtffcrcnccs. of comparahlc tmport3ncc IO conjuption must 

hs brought in IO explain the obscrvcd variations In rr C/I Icngrhs. 
The most accurate mcasurcmcnts avatlablc 31 this Itmc contirm that the SIX C C 

bond types can bc “cxplaincd” with 3lmost complctc sattsfactlon by a set of three 

cmplrtcal radii. The intcrprctatton of thcsc radii IS another matter. If WC follow the 

idc3c of I)cuar and Schmetslng a. they m3y bc rcgardcd 3s ch3r3ctcrtsttc cov3lent radii 

for carbon orbitals in dtffcrcnt states of hybrtdiratton. The ratio of the dtffcrcnccs 

(P,* - P,,):(P,r pd,) IS 04)Z.S:OXl42 with WI B and 0.020.052 with SCI A. Thl\ 

3grccs satlsf3ctorily with the I 2 ratto IO bc cxpmcd If one 3ssumcs that p IS 3 hncrrr 
function of the pcrcent3gc of s character in the orbltal. s A slightly more sophisttcatcd 

c3lculation using cxprcssions given hy Coulcor? predicts a r3tto of I : 1.87. If one 
wishes IO incorporate conjugation and pol3rity cffccts into this schcmc In order IO 

cxplam the sltght deviations in T3blc I. II IS only ncccs.ror,r. IO treat them 3s minor 

factors whose contributions arc of the order of Ot)l A. Of course. it is posstblc that 3 
l3rgcr contribution from clcctron&locah7;Ltlon cfTccsts h3s been absorbed Into the 

empirical mdii. Howcvcr. it stems Icss likely that ;I good fit in terms of cmpirtcal r3dii 

could bc obtained if thcx rcsonancc cffcc~s wcrc the dominant factor, smcs they should 

bc f3trly sensitive IO the molecular structure. 

Thcsc conclusions arc based upon the structures of 3 limltcd number of molecules. 

and they may h3vc IO bc modified as more information bccomcs avatlablc. There IS 

still 3 need for 3ccur3tc meaturcments of CC bond lengths in a wide variety of com- 
pounds. 

AYI’LICA I IO& IO 01 HLR ROFDS 

II is natural IO enquire whether the cmptrical r3dli dcrivcd In the last s(stton pcrmtt 

any corrclcltions of bond lcngrhs involvmg carbon 3nd another atom. Unfortunalcly. 
the reliable cxpcrtmcntal data arc somewhat hmttcd. and it is ncccss;lry IO mix bond 
Icngths dctcrmincd by diffcrcnt methods in order to make useful comparisons. 
Thcrcforc. WC c3nnot attach much significance to vanatlons of less than 0.02 A. We 
sh3ll fir\t survey the cxpcrimcntal rcsulls. Only bonds which arc conrtdcrcd “\tngle” 
in the zcroth approximation will bc discussed. 

C&on-nrrrqen ho&. Spectroscopic (r,,) values for re carbon arc I.474 A in 

mcthyl;tminP and I.472 : 0408 A in tnmcthylamtne. M The txxt cxamplc for rr 

**C A Coulwn. bblrncr p ?06 Oxford llmrcrr~fy Prcr,. London (1951). 
" I). R 1.~3~. 1. Chrm Ph,s 27. 143 (lW7). 
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carbon is formamidc. where two r0 values. I.343 Au and I.376 A“ have been reported. 

Further work UIII be ncccswry to c\tabh\h a satisfactory structure for formamidc. but 

we arc probably safe in taking the C-S distance as I.36 L 0.02 A. In cyanamide the 
N... N dlstancc of 2,x)7 A IS wsll dctcrmincdz , smcc C-.. N distances arc always 

close to I.16 A. WC can adopt a value of I.35 :: 0.02 A for the (II C-.N distaocc. 

C&on -o.l,\;qen ho~/s. Some rcportcd values for the le C -0 bond arc I.427 : 
O-007 A (r,,) m methyl alcohol ,% I.417 A (I,,) tn dlmcthyl ether.= and I.437 f 0.010 A 
(I ) in methyl form;lte.‘O The variation i\ probably not cxpcrimcntally significant and 
wi can take an akcragc of I.43 j 0.01 A. The most reliable dctcrmmation of the rr 
C -0 Icngth in formic acid i, I.343 i, 0.010 A (I,).(* and I.334 i: 0.010 A (I,) has been 
rcportcd for the simllur bond In methyl formatc. u, Although some widely diffcrcnt 
values have been publtshcd for hoth formic and acctlc aad<. WC feel that these are 

unrcliablc and that the correct dlstancc IS I.34 : 0.02 A. 
Carbon -jiuorine hondr. 42 The I, value for ths re CF dtstancc is I.384 : 0901 A In 

methyl fluoride. ’ The or CF length is I.347 : 0.009 A in vinyl fluoride” and I.348 : 
0.015 A In acctyl fluoride.’ lb The dl,tancc in FC-N and FC-;CH is in the range 
1.26 1.28 A.0 

Carbon-chlorine honds.42 Accurate r, balucs arc available for methyl chloride’ 

(1.781 :!: 0~01 A), vmyl chlorldcta (I.726 : 0902 A) and cyanogcn chlorldc” 

(I.631 :: 0.001 A). 
Carbon-silrcon bonds. The bond length In mono-, di-. and tri-methyl silancU IS 

I.867 .! 0~002 A (r,j. while that In vmyl sllansl: IS l-853 : 0903 A (I,). An I, distance 

of I.850 A has been rcportcd” for H,SiCN. 

The Icngths of typical CX honds. with X = S. 0. F. Cl. and SI. arc collcctcd in the 
“Ohs. I,.~” column of Table 2. The shortening of the /r and JI bonds, rclativc to ths 

bond to re carbon, IS also listed. h’ow If the shoncning obscncd for carbon carbon 

single bond\ is a>tumcd to be due entirely to changes in the carbon hybriditition. it IS 

rcasonahlc to transfer the reduction in carbon radius (O-025 A for II carbon and 0967 

A for JI carbon) to the CX bonds. The rcsldual shortening of the CX bonds, after 

subtraction of thic contribution from the carbon atom, is glvcn in the last column of 

Table 2. A part of this residual \hortcnlngcan bc attrlbutcd tochanges in hybridization 

of atom X ; for cxamplc. the near-planar structure of formamidP*” and cyanamidp 
suggest\ that the nitrogen orbltal contain\ 3 higher proportion of J character than In 
mcthylamlnc. Howclsr. it IS difficult to ascrlhe the cntirc rc\ldual \hortcning 

(0.07 0.08 A for CO and CN bonds) to hybrldizatron changes. smcc the change from 

/e to or hyhrldlzation In carbon results in a shortening of only 0025 A. WC thcrcforc 

U R. I. Kurland and 1.. B. Wlkon. J. C’hrm. Ph11 27. 385 (19STl 
y C. C Costaln and 1. M I)owllng. 1. C’hrm. P~)J. 32. 138 (1960). 
” I. K. ‘Iylcr. I F. IIomac. and 1. Shcrulan. Proc. Ckm. Sot. 155 (1939). I) I. M~llcn. G Topping. 

and D R. Ldc. 10 bc publdwzl. 
‘* P. Vcnkr1cwarlu and W. Gotdy. 1. Chrm Ph,vJ 23. 1200 (1955). 
‘* P. Ii. KISJI and R J. Myco. J Chrm. Phyr 30.1096 (1959) 
‘* R. F. Curl. 1. Chrm. Phb ,.30.1529 (19S9) 
** <; H KWI and R. F. Curl. J Ckm. Ph,vs. 32. lS92(1960). 
U WC shrU conwkr only molcculcs wlh l stndc halo#cn atom kausc of the wcll~known tendency loward 

shorter bonds when several halotens arc r~~rchcd IO Ihc wnc carbon. 
” 1. Shcrdn and 1. K. Tyler. Norur. tOd. MS.96 (1960); Proc Chew. Sor I I9 (1960~. 
u C. If Towncr. A N Holdcn. and F R Mcrntt. Phw. RIO. 74. II13 (1948) 
u L. Rcra and D H. Pctcncn. 1. Chrm. Php. 33.907 (1960). 
” RwaIc commun%aIlon from 1. Shcrldan. see also 1. Shcrldrn and A. C Tumw. Pror Chrm Sur ?I 

(1960). 5. Mullcr and R (’ Brrctcn. J Chrm. PhTr 32.1577 (1960). 
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h3vc a strong argument for brmging tn electron delocahzation as a major factor in the 

shortening of the CX bonds. 

There is no contradiction in the conclusion that delocalization contrtbutcs signtfi- 

cantly to the shortening of Clrc’. CO. CF. and CCI bonds but has a negligrble effect on 
CC bond Icngths. The N. 0. F. and Cl atoms have lone pans of clcctrons. and it is 

reasonable to cxpcct that the tr3nsfcr of charge form these lone-pair orhit3ls into a 

conjugated system rnvolvtng 3 double or trrplc bond would grc3tly incrcasc thr 

X t: Ob, I,~ A Bond shorwung’ Ra~dual 5honcnmg 
- _ -- - -. . .-_ .- - - .- __. 

N :t ’ 147 1 001 

Ir 1 36 : 002 0 II 

I 

008 : 003 
dr I 15 : 002 0 12 005 : 003 

0 :: ! 1.; .i g: ’ ooy 007 : 003 
F IC 1384 T Oool 

Ir 1,347 -001 I 0 037 001 ‘. 001 

I 
clr 127 : 001 0 II 005 . 001 

Cl It I 7RI f 0001 
tr I 7% 0 002 0 055 0030 : 04303 
cl1 I631 0001 0150 0083 : 0002 

Sl It 1167 0002 Ir I.853 : 0003 0014 I 0011 t 0005 
i cL I 850 0017 I 0050 

l Rclal~n to u CX bond 
’ hhcr corrccuon for change m carbon hydrdruclon 

stability of the molecule. The situation is quote diffcrcnt when there arc two multiple 

bonds, as in IJ-butadicnc, since the electrons which are involved in the dclocalitation 

must come from 3n already exerting bond. Actually, there is other cvidencc to show 

that the amount of delocaliratron is much greater in molcculcs containing lone pairs 

adjacent to a multiple bond. For example, the barriers to intcmal rotation about the 

CO bond in formic acid and the CN bond in fonnamidcare very much higher than the 

barriers found in hydrocarbons; furthcrmorc. the nuclear quadrupolc coupling 

constants in vinyl chloride indicate a significant dcvi3tion from axial symmetry in the 
CCI bond, while no such effect is found in ethyl chlorrde. 

It is intcrcsting to note that the residual shortening of a CN bond is roughly the 

same for fr and di carbon. This is to be expcxtcd, since the NH1 group provides only 

one lone pair to participate in the conjugated system. With halogen 3toms. on the 
other hand, 3 much grcatcr shortening occurs for di carbon, evidently because there 

arc now two lone pairs to conjugate wrth the two n orhitals of the triple bond. In the 
c3sc of silicon. whcrc no lone pairs 3rc avarlnblc. (hers is 3 slight r&dual Iengrhening 
of the CSI bond. which indicates that dclocalization is again a minor factor. 

We have proposed a picture in which the length of a CC single bond is determioed 
almost entirely by the hybridizatron of the carbon atoms, while electron dclocalization 
cffccts have a strong influence on bond lengths in systems containing lone pairs. This 
appears to be the simplest scheme for explaining the observed bond-length variations, 
but no claim of uniqucncsc can he made. Some important factors have been omitted, 
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such as the influence of an adiaccnt bond involving an atom of high clcctroncgativrty.” 

Howcvcr, the companson< have been made tn such a way as to mtnimizc these cffccts. 

It should bc cmphasticd that thcsc statcmcnts about the importance of clcctron 

dclocah?ation rcfcr only to IIS clfcct on bond Icnpth. It is fairly obvious that ccrtam 
other molecular properties (c.g. dtplc moments) arc much more hcnsttivc FO conjuga- 

tion and hypcrconjugatton. 

BOSD ANGLES AKD HY~RIUlLhTlOS 

In Fhc derl\atlon of covalent radu for carbon only the simple hybridization type’ 

sp. sp’, and sp” were consrdcred. although intermcdiatc dcgrccs of hybridvrrtion arc 

ccrtamly possible. The only objcctisc measure of hyb~d~tion which has been pro- 
posed IS based on bond angles. m lt I$ rnstructrvc to cdculato the value of i., in the 

cxprcssion s t ip for the hybrtd wake functton. from the ohscrvcd bond angles in some 
of the moleculc$ for \shlch good I, 5truoturcs arc a\ailahle. Table 3 gives the rc\ults 

for the C C smglc bond in \evcral rclatcd molccults; 2, rcfcrs to the orbital of the 

methyl carbon and i,, to the other carbon atom rnvol\sd in the bond. The value of the 

gcomctrlc mean\ i,i, IS also given; thtswillequal lq73fora pure rc--rchond and I.56 

for a pure tc -II bond. IF IS seen that the correlation between uhserbcd bond length 

and Fhc value of 1 i,L, 1s rcry poor -much poorer than WC obtained by assummg the 

orbttals to be pure fe or rr. Therefore. tf we assert that hybrid~tion has an tmportant 

influcncc on the C -C bond IcngFh. we must conclude that bond angles do not probtdc 
a reliable mcasurc of the hyhridlzation. 

The dltliculty of using bond angles rn thts way can also be tllusttatcd by calculating 

the hybridt~~ti(~n of the carbon orbital whtch makes up the u component of the double 
bond tn cthylcnc deli\-attkcs. Values of il range from I43 m CH,CHF and CH&F, to 
I.31 m cthylenc Itself -i.e. about i of the way from a pure sp to a pure SF orbItal. 

If i. wcrc a true mcasurc of the hybridiT;?tion. WC should cxpcct a much grc;ltcr varla- 
tton tn the double-bond distance than IS actually found. Many other cxamplcs hate 
hccn cited whcrc bond angle\ gitlc a misleading or impos\tble c\timatc of hybridi~tion. 
We can only conclude that other f.tctors arc gcncrally of greater impottanur in 
dctcrmmlnp the angles. 

A&w*Ic~rmrnrr -lk~uthur IS tndcbted to the F;attonal Soencc Foundrtton for the ward of a 
Senior PQStdiXtOrd~ t clloushtp and to the Chemrcal L&or~tnry of the L’nivcnity of Copenhagen fur 
$6 hospitdltty Jurmg the prcparatton af tha paper. M.my helpful dawsstons -8th Profcsw Barge 
B4k arc a&noulc&+ 
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