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Abstract: Data retrieved from the Cambridge Structural Database for crystal structures containing metal complexes
have been analyzed to evaluate the effects of crystal environment on molecular geometry. Parameters for the same
bonds in different crystal sites were compared and variances estimated for these parameters. The primary method
used was to compare geometric data for crystal structures for which more than one molecule of complex is present
per crystallographic asymmetric unit. Other methods used were comparison of geometry for molecules whose
symmetry or pseudosymmetry is higher than the crystal site symmetry, combination of these two methods, and
study of compounds for which more than one polymorph has been structurally characterized. These studies allow
guantification of the oft-cited “crystal packing” effects on molecular structure. Typically the frattal and metat

ligand bond lengths show standard deviatioay ¢n the order of 0.040.02 A apparently due to the effects of

crystal environment. The corresponding values for valence angles at the metal atoms typically lie in the-2inge 1
although some are ovef 3and for torsion angles the values are still higher (typicatyl8® for cyclic bonds and

>40° for P—Ph bonds in MPPhcomplexes). The variances of molecular parametersrareh largerthan the
variances estimated from standard crystallographic least-squares procedures and appear to result in large part from
crystal packing effects. The implications of these results for the interpretation of crystallographic data are considered.
Among consequences discussed are the nature of the structure determined by crystallographic methods, the validity
of modeling procedures which mimic crystallographically determined structures, and the relationship between
parameters determined by crystallographic and other structural methods.

Introduction the ISO and IUCH for cell dimensions, atomic coordinates,
bond lengths, angletc, usually based on least-squares

The face of chemistry has been marked beyond recognition refinement procedures. Careful studies by Taylor and Kefinard

by crystal structure determination. The power of the technique

. . and organized by the International Union of Crystallogr&phy
first developed by the Braggsas changed forever our ideas of independently determined crystal structures have shown that
about the shapes of molecules. Today we take almost for

granted the unambiguous veracity of crystal structure analysisthe c_rystallogrpah|c esds published for_ atomic positional

as the ulimate arbiter, with a few notable exceptions, in the coordinates, and hence also the esds published for bond I_engths

determination of the dimensions and stereochemistry ’of mol- and angles, usually underestimate the true standard deviations
by a factor ofca. 1.5. Furthermore, Taylor and Kennamhd

ztcrlljlcetinlen dgﬁﬁﬁénéﬂe\?\g ctgr?rleezrr:hgnlr U?He Fsrt(]);n ecg‘s:ﬁ:a Allen and co-authorshave suggested that an even larger factor
y P may be implied in the case of structures containing heavier

(rjne(?[leer(r;rzjilr?eclir.l 'It'rifa rringt:ﬂlalrnsf\wl\; r;ghasltjetsgrrrl:ﬁ;%rginh%sis sztznisatoms sugh as 'Fransition metals. For suc'h atoms significant

the product both of the “inherent molecular structure” whatever anharm(_)_mc motion may lead to small but |mportant_errors In

that might bé and the effect of the crystalline field in which it L'c._Positional parameters of the heavy atoms derived from

is located. For many years chemical crystallographers havereﬂnemefnts in which the usual harmonic approximations are
: used® Finally Taylor and Kennafdconcluded that cell dimen-

invoked “crystal packing effects” as the cause of variations in sion esds are also underestimated by factors of between 2 and

mgfgélgcu%zgmsggséhat_l_ﬁf)spea; f; Zae\(/aismt)o C&eerg'sclﬂe( the5 implying an additional underestimate of the esds of bond
: pap lengths and angles.

magnitude of these effects in a class of molecules which are . .
g In this paper and othets!! analysis of sets of data from

rather prone to them: metal complexes. In this paper our | s chemically i S
purpose is to establish the variability of molecular geometry C'ystal structures reveals chemically important variation in

parameters in crystal structures, and to estimate how much of (@) (@) Schwarzenbach, D.; Abrahams, S. C.; Flack, H. D.. Prince, E.:

the variation is due to crystal packing effects rather than to wiison, A. J. C.Acta Crystallogr, Sect A 1995 51, 565-569. (b)Guide
experimental uncertainties. to the Expression of Uncertainty in Measuremémternational Organisation

; ; i for Standardization (ISO): Geneva, 1993.
Crystallographers are in general exceedingly punctilious about (5) Taylor, R.. Kennard, OActa Crystallogr, Sect B 1986 42, 112

calculating and publishing estimated standard deviations (esds,; »q.
or “standard uncertainties” as is the preferred terminology of  (6) Hamilton, W. C.; Abrahams, S. @cta Crystallogr, Sect A 197Q

26, 18—24.

® Abstract published ifAdvance ACS Abstractdanuary 15, 1996. (7) (&) Allen, F. H.; Cole, J. C.; Howard, J. A. Kicta Crystallogr,

(1) Part 5: Garner, S. E.; Orpen, A. G. Chem Soc, Dalton Trans Sect A1995 51, 95-111. (b) Allen, F. H.; Cole, J. C.; Howard, J. A. K.
1993 533-541. Acta Crystallogr, Sect A 1995 51, 112-121.

(2) Bragg, W. H.; Bragg, W. LProc. R. Soc, London, SerA 1913 89, (8) Willis, B. T. M.; Pryor, A. W.Thermal Vibration in Crystallography
277-291. Cambridge University Press: London, 1975; pp 4282.

(3) (a) Woolley, R. GJ. Am Chem Soc 1978 100, 1073. (b) Woolley, (9) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D.
R. G.J. Chem Educ 1985 12, 1082-1084 and references therein. (c) G.; Taylor, R.J. Chem Soc, Dalton Trans 1989 S1—-S83.
Boeyens, J. C. AStruct Bonding (Berlin)1985 63, 65—101. (10) Orpen, A. GChem Soc Rev. 1993 22, 191-197.
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parameters such as-M. (where M = d-block metal) bond set of ligand environments in which transition metals may be
distances or EM—L angles. In these sets of data the total found in organometallic and coordination complexes and
variance w2 observed for a parameter such as a bond length bioinorganic chemistry. As such they reflect the areas of direct

or angle can be decomposed into two terms as in eq 1. concern to a wide range of synthetic, structural, and biological
) ) 5 chemists. These species are also of current interest to molecular
Ot = Oepy T 06 (1) modellers and other computational chemists, as well as those

_ ) concerned with other methods of molecular geometry determi-
Hereoen? denotes the variance in the parameter caused by thenation such as EXAFS spectroscopy. More generally, use of
environment of the bond, and¢® is the variance due to  geometric models based on crystallographic data is exceedingly
uncertainties arising from the experimental determination of the widespread and their reliability is of great concern.
crystal structure (see ref 5 for a discussion of the sources of ~ Other methods for study of the effects of the crystalline field
0¢). Theden? term may be further subdivided into terms arising  on molecular geometry we have not employed in this paper
from intra- and intermolecular factors. The first are the include the study of crystal structures of complexes in which
intramolecular steric and electronic factors which are usually variation in solvate (see Braunstein all® for a spectacular
considered to determine the molecular geometry, and whoseexample) or counterion allows the same molecule or ion to be
associated variance will be denoted®& The variance due  observed in more than one crystal environmiéntThese
to intermolecular effectsyy?, is caused by the crystal packing  approaches are not currently automated within the CSD system
forces exerted on the molecule in its crystal environment. and hence we have not used them. Kitaigorod3kilso
Therefore the overall expression (assuming no correlation suggested comparison of gas-phase molecular structures with

between the components of?) becomes as given in eq 2. those in the crystalline phase (see ref 17 for an elegant example).
) ) ) ) Some aspects of the work in this paper have been reported in
Ot =0 T 0, +0¢ 2 preliminary form?8

The value foro¢? can be derived from the estimated standard Experimental Section
deviation (esd) values obtained from the variancevariance
;natrlx pr:.o?]ucﬁ d by the Crysta}llographlg Ieast-.squa'\res r(;fmementmems studied were located in the Cambridge Structural Database (CSD)
rom which the parameter is derived. Estimation @F is using the QUEST prografd. Data for these crystal structures were
possible if we restrict ourselves to study of the parameter valuesetrieved from the April 1994, October 1994, and April 1995 versions

in crystallographically different but chemically equivalent sites, of the CSD in which the master data file contained 120 481, 126 353,
for which 022 = 0 by definition since the intramolecular and 140 268 entries, respectively.

environment is identical. In this work we have done this in Crystallographic data retrieved were screened manually and auto-
various ways: (i) study of polymorphs; (ii) study of multiple matically and only structures which fulfilled all of the following criteria
chemically identical molecules in the crystallographic asym- Wwere retained for further analysis: (a)acrystallograMgctprs0.0?
metric unit; (iii) study of molecules in which the molecular had been reported; (b) the reported mean standard deviation oftie C

e o - bond lengths was0.03 A; (c) there was no disorder in the fragment
symmetry |s_h|gher tha_n that of the crystal__sﬂe N Y\.I.hICh they under study; (d) the compound contains a d-block metal={Nsc—
occur; and (iv) a combination of methods (ii) and (iii).

s . . . Zn, Y—Cd, La—Hg); and (e) the reported unit cell and non-hydrogen
Kitaigorodskii suggested methods-{ii) as ways of studying atomic coordinates do not apparently conform to a higher symmetry

the effects of the crystalline field on the shapes of molecules in gpace group according to the MISS¥procedure implemented in
19702 (see also an important discussion by Bernstein of these the PLATON packag® The systems studied and the number of
and related problemd§. At the time Kitaigorodskii felt structures fulfilling all these conditions are listed in Table 1. Four
confident that “the crystalline field does not change the bond methods were used to select crystal structures from which pairs of
lengths of organic molecules”. He further said that the principal chemically identical, but crystallographically different parameters were
effects of the crystal environment are on the conformations of obtained (see below). Methods (i), (i), and (iii) rely on the selection
organic molecules. Given the limited amount of highly precise ©f suitable crystal structures from the CSD, while method (iv) is a
structural data available at that time he was clearly justified. In comPpination of methods (if) and (iii) and was applied to appropriate
this paper we show that whatever the trueth of that :~:tatements'[rucm.res of type (i): (i) polymorphs for Whlfh crystal ?trufture ”
for purely organic molecules (see below), metal complexes determinations have been reported and the CSD “polymorph” or “form

. - : ) flag is set; (ii) structures with more than one molecule in the asymmetric
apparently subject to observable distortions in bond lengths andpart of the unit celliie. Z > 1 in the terminology of the CSDY; (iii)

angles as well as torsion angles. structures in which molecular symmetry crystallographic site
Using the crystallographic information contained in the symmetry; and (iv) combinations of (i) and (iii); for cases where the

Cambridge Structural Database (CSBe have studied the  local symmetry is>C; (e.g. Cs, in P—C distances and €P—C and

variance in the bond lengths, bond angles, and torsion anglesM—P—C angles of MPPhcomplexesC,, in Cp:MLn species).

of the fragments M-M, M—CI, M(acac), M-N, M—CO, Method (i) was used only for fragments-WM and M—Cl because

M(CO),, M—Ar, M—Ph, LiMPPh, CpML (Cp = 7-CsHs), of the small numbers of available data for other fragments. For the

- same reason method (iii) was not widely applied and was used only
CpMLs, M(dppe), and M(dppm). These are a representative for the M—PPh and M—CI fragments intransM(PPh;) and trans
(11) See: auf der Heyde, T. IBtructure Correlation Burgi, H-B., Cl—M—Cl species, respectively. Method (ii) (or as its variant, iv) was
Dunitz, J. D., Eds.; Verlag Chemie: Weinheim, 1994; pp -3388 and used for all systems.
references therein.

Data Retrieval. Crystal structures containing the molecular frag-

(12) Kitaigorodskii, A. . Advances in Structure Research by Diffraction (15) Bender, R.; Braunstein, P.; Tiripicchio, A.; Tiripicchio Camellini,
Methods Brill, R., Mason, R., Eds.; Pergamon Press: Oxford, 1970; Vol. M. Angew Chem, Int. Ed. Engl. 1985 24, 861-2.
3, pp 173-247. (16) Wagner, T.; Englert, U., British Crystallography Association Spring
(13) Bernstein, JAccurate Molecular Structures: Their determination  Meeting, 1995, Poster CP1.
and Importance Domenicano, A., Hargittai, |., Eds.; Oxford University (17) Brock, C. P.; Minton, R. PJ. Am Chem Soc 1989 111, 4586~
Press: Oxford, 1992; pp 46%97. 4593.
(14) (a) Allen, F. H.; Taylor, R.; Kennard, GAcc Chem Res 1983 (18) (a) Morton, D. A. V.; Orpen, A. GZ. Kristallogr. 1988 185, 180.
16, 146-153. (b)Crystallographic Databasedllen, F. H., Bergerhoff, (b) Morton, D. A. V. Ph.D. Thesis, University of Bristol, 1991. (c) Rosair,

G., Sievers, R., Eds.; .LU.Cr.: Chester, U.K.,1987. (c) Allen, F. H.; Davies, G. M., Ph.D. Thesis, University of Bristol, 1994.

J. E.; Galloy, J. J.; Johnson, O.; Kennard, O.; Macrae, C. F.; Mitchell, E. (19) Le Page, YJ. Appl. Crystallogr. 1987, 20, 264—269; 1988 23,
M.; Mitchell, G. F.; Smith, J. M.; Watson, D. Gl. Chem Inf. Comput 4983-984.

Sci 1991 31, 187-204. (20) Spek, A. L.Acta Crystallogr, Sect A 199Q 46, C34.
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Table 1. Bond Parameters Studied and Their Standard Deviations

NMagnd Orpen

CSD  observations sets oAor ge(Ror o, (Aor
fragment parameter method refcodes (n) (m) deg) deg) deg)
M—M M—-M (i) polymorph 17 17 8 0.016(2) 0.006 0.015
(iv) 293 1501 410 0.0340(1) 0.006 0.033
M—CI M—CI (i) polymorph 58 141 34 0.0113(7) 0.009 0.007
(iv) 95 298 107 0.0112(5) 0.009 0.007
Cl—-M-ClI Cl-M—ClI (iv) 83 277 85 1.43(6) 0.3 1.40
trans-ClI-M—Cl M—ClI (iii) symmetry 781 2002 1001 0.0193(3) 0.009 0.017
M—pyridine M—N (iv) 124 489 144 0.0250(8) 0.011 0.022
M—phenyl M-C (iv) 11 28 11 0.017(7) 0.015 0.008
M—aryl M—-C (iv) 35 101 36 0.0152(11) 0.015 0.002
M—acac M-O (iv) 8 50 11 0.025(3) 0.015 0.020
M—CO (monocarbonyls) MC @iz >1 35 76 35 0.0121(10) 0.014
M(CO), (dicarbonyls) M-C (iv) 94 556 170 0.0199(6) 0.014 0.014
C-M—-C 278 105 1.66(7) 0.4 1.60
[CpML ] M —cent (iv) 26 114 26 0.0087(6)
Cp—M—Cp 57 0.67(6)
Cp—M-L 228 2.02(19)
L—M-L 57 0.79(7) 0.15 0.78
cent-M—cent-C 114 7.1(5)
[Cp2ML 3] M —cent (iv) 7 32 7 0.0090(11)
Cp—M—-Cp 16 0.96(17)
L-M—-L 48 0.65(7) 0.15 0.63
cent-M—cent-C 32 7.4(9)
MPPh M—P (iv) 73 154 73 0.0099(6) 0.005 0.009
P—Cipso (iv) 462 0.0113(4) 0.009 0.007
M—P—Cipso 462 3.28(11) 0.45 3.25
Cipso—P—Cipso 462 2.04(7) 1.35 1.20
M—P—cent(Gyso)s 154 1.16(7)
M —P—Cipso—Cortho 462 47.4(16) 1.95 47.40
MPPhin transM(PPh), M—P (iii) symmetry 269 540 270 0.0084(3) 0.005 0.007
P—Cipso 1620 0.0111(2) 0.009 0.006
M—P—Ciso 1620 3.60(6) 0.45 3.57
Cipso—P—Cipso 1620 2.14(4) 1.35 1.66
M—P—cent(Gyso)s 540 1.26(4)
M —P—Cipso—Cortho 1620 47.8(8) 1.95 47.71
MP,C; rings M—P-C-C (iv) 22 126 22 8.0(5)
P—-M—P-C 126 6.1(4)
pP—C-C-P 63 6.5(6)
M,P,C rings M-M—P—C (iv) 12 72 12 9.7(8)
M—P-C—P 72 5.9(5)
P—-M—M—P 36 2.7(3)

aFigures in parentheses are standard errors in the least significant digit, here and throughout this paper.

Data Analysis. A locally modified version of the program GEO-
STAT?! was used to calculate the values of the bond lengths, bond value for theith member of thdth set). Differences\j = pj —

there aren; equivalent values in th@gh set andp; is the parameter

o

angles, and torsion angles listed in Table 1 for each fragment. For were calculated. Figure 1 shows a histogram of the distribution of

complexes [CgML ;] and [CpML 3] the rotation of the Cp rings was
studied in terms of the torsion angles cekt—cent-C (cent= centroid
of the Cp ring). A single dihedral angley, was defined as the mean

+|Aj| values (i.e. both positive and negative values of a gikgmare

shown) for the M-Cl dataset derived by method (iii). The number of

observations (=Y ;) and setsm for each fragment as used in the

value of the torsion angles for a given Cp group. This torsion angle is calculation are listed in Table 1. The standard deviationof the
total sample ofA; values for each parameter was calculated?as
Y Aj?(n — m). Bonds which showefl\;j| > 4o for any bond parameter
were discarded and not used for calculation, and all relewariues

indicative of staggered{; = 36°) or eclipsed tw = 0°) conformations.
For the MPPRfragment the torsion angle MP—Cipso—Cortno (@) Was
averaged over the values for the two ortho carbense{ w; + w, +
180)/2]?% For the MPPRfragment the angle formed by the metal, the
phosphorus atom, and the centroid of the threg,@toms was

ring conformation type in which the -FC—C—P [for M(dppe)] or

recalculated. The standard errofofvas calculated using eq 3 beldv.

This equation assumes a normal distribution @hd holds more closely
calculated?® For the two five-membered-ring systems studied [M(dppe) asn becomes large as it is for almost all the cases here.
and My(dppm)] the intra-annular torsion angles were calculated for the

P—M—M—P [for Mx(dppm)] torsion angle is positive (see ref 24 for a

detailed discussion of the symmetry of the conformation space of these

standard error of = —Z—

Van

®)

0. Estimation. The esd values for the parameters studied are not
stored in the CSD, and therefore these values were obtained from the
original literature for a wide selection of the structures used. For each
parameter, a value representative of the highest esds observed for a
range of structures in the dataset was selected and multiplied by a
correction factor of 1.5. These values, which serve as very conserva-
tive (i.e. high) estimates ofve, are listed in Table 1. For some
parameters studied in this work the value of the esd is not reported in
the primary literature and the estimation@fhas not been possible.

R Factor Dependence. A study of the influence of the quality of
the structure determination on the parameter standard deviation was

systems).

The datasets thus retrived have setsir{f number) of at least two
chemically identical fragments which are crystallographically distinct
and therefore subject to different crystalline fields. Fromjtheset of
these fragments for a given parameter, the unweighted mean
parameter valuép,Cwas obtained[fy (0= Y p;/n; for i = 1, nj, where

(21) Murray-Rust, P.; Raftery, J. Mol. Graphics1985 3, 50—59, 60—
68.

(22) Bye, E.; Schweizer, W. B.; Dunitz, J. D. Am Chem Soc 1982
104, 5893-5898.

(23) Powell, JJ. Chem Soc, Chem Commun 1989 200-202.

(24) Morton, D. A. V.; Orpen, A. GJ. Chem Soc, Dalton Trans 1992
641-653.

(25) Stuart, A.; Ord, J. KKendall's Advanced Theory of Statistic6th
ed.; Edward Arnold: London, 1994; Vol. 1, p 364.
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Table 2. Variation of o with the Crystallographid? Factor Reported

J. Am. Chem. Soc., Vol. 118, No. 6, 1D8&7

Rfactor < 0.03 0.04 0.05 0.06 0.07
M—M o 0.0375(5) 0.0338(2) 0.0342(1) 0.0342(1) 0.0340(1)
Z>1) n/m 214/51 580/158 1113/297 1391/381 1501/410
M—ClI o 0.0066(9) 0.0105(7) 0.0114(6) 0.0111(5) 0.0112(5)
Z>1) n/m 27/11 129/50 209/79 276/100 298/107
M—ClI o 0.0161(6) 0.0183(4) 0.0187(3) 0.0187(3) 0.0193(3)
(symmetry) n/m 356/178 956/478 1554/777 1866/933 2002/1001
Cl-M-ClI o 1.16(16) 1.34(9) 1.39(7) 1.35(6) 1.43(6)
Zz>1) n/m 27/10 121/45 210/68 265/82 277/85
M—N o 0.0171(19) 0.0155(9) 0.0263(11) 0.0259(9) 0.0250(8)
Z>1) n/m 42/15 140/42 298/87 441/129 489/144
fragment M(CO)
M—-CO o 0.0115(3) 0.0170(5) 0.0179(5) 0.0195(6) 0.0199(6)
n/m 72/13 264/87 390/126 504/161 556/170
OC—M—-CO o 1.60(19) 1.73(11) 1.59(8) 1.54(7) 1.66(7)
n/m 36/12 130/48 193/75 252/98 278/105
fragment MPPk
M—-P o 0.0065(12) 0.0086(9) 0.0098(7) 0.0099(6) 0.0099(6)
Zz=>1 n/m 15/7 51/23 98/46 134/63 154/73
M—P o 0.0062(6) 0.0081(4) 0.0076(3) 0.0077(2) 0.0084(3)
(symmetry) n/m 56/28 196/98 352/176 486/243 540/270
P-C o 0.0090(9) 0.0106(6) 0.0110(5) 0.0114(4) 0.0113(4)
(Z>1) n/m 45/7 153/23 294/46 402/63 462/73
pP-C o 0.0094(5) 0.0100(3) 0.0100(2) 0.0107(2) 0.0111(2)
(symmetry) n/m 168/28 588/98 1056/76 1458/243 1620/270
M—-P-C o 3.6(4) 3.30(19) 3.17(13) 3.21(11) 3.28(11)
Zz>1 n/m 45/7 153/23 294/46 402/63 462/73
M—-P-C o 3.70(2) 3.59(11) 3.50(8) 3.55(7) 3.60(6)
(symmetry) n/m 168/28 588/98 1056/76 1458/243 1620/270
Cc-P-C o 1.9(2) 1.91(11) 2.01(8) 1.99(7) 2.04(7)
(z>1) n/m 45/7 153/23 294/46 402/63 462/73
C-P-C o 2.28(13) 2.14(6) 2.14(5) 2.13(4) 2.14(4)
(symmetry) n/m 168/28 588/98 1056/76 1458/243 1620/270

500

carried out. For a given parameter, structures were classified in groups
according to the magnitude of their crystallograpRitactor and then

o for each group was calculated [see Table 2 and Figures 2a and 2b]. 400
This method is only possible when the number of structures is large
enough to calculate a reliable value for For that reasomn values for 3004
the groups of structures with low& factors are less reliable and as a
consequence in some casewas not calculated.

Values ofoe were estimated as indicated above and used to estimate
the nonexperimental contributionf) to the total parameter variance
(0® according to eq 4 which is based on eq 2 with = 0 as is the
case here.

Frequency

200 4

mmmmmmmm
> 96 9 o 2 b < 9

— 02 2 s s S S S o S 95 %S %
0y = /0% = 0, @) AR

p Deviations

Figure 1. Histogram of+A; values for the M-Cl symmetry dataset.

mmmmm

-0.065 4

Results and Discussion

The values oby obtained by the various methods described variation of the deviations of all the MCI distances from their
above are listed in Tables 1 and 2. The method used here makesnean values may be described by a single value. oThis is
some important assumptions which should be clarified. The clearly not exactly true since we might expect slightly different
calculation ofo assumes that the various sets (pairs or triples behavior for M—Cl bonds in different molecules, especially as
or more numerous sets) of values for a given bond parametera consequence of varying M (and/or its oxidation state for
(M—CI say) each provide estimates of the variance of that example). Nevertheless, this is the only practical assumption
parameter which may be derived from thg values. These  open to us at present and hence it was used. In an attempt to
estimates of variance were pooled to provide a more reliable judge the veracity of this assumption some distributiang. (
estimate of the variances?) for the given parameter using M—CI) were studied manually in detail. Figure 1 shows the
standard proceduré&sin which the pooled estimate of variance  distribution of +|A;| values in this case. It should be noted
(herea?) is given by the sum of squarel 4;?) divided by the that at no stage in this work is it assumed that the distribution
number of degrees of freedom, ndf [nef > (n, — 1) = (n — of Aj values is normal.

m)]. The key assumption here is that the various different sets  As may be seen in Table 1, values @ffor bond lengths
of Ajj are drawn from the same parent distributiey, that the range from 0.0084(3) to 0.0340(1) A, from 0.65(7) to 3.60(6)
for bond angles, and from 2.7(3) to 47.8(8)r torsion angles.
In some case€.g. M—CI bond lengths, several estimatescof

(26) Snedecor, G. W.; Cochrane, W. &atistical Methods7th ed.; lowa
State University Press: Ames, 1980; pp 2139.
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structure in which o values of<0.01 A were observed for a
substantial number of bond length distributions where a variety
of both moleculaandcrystal environments were included. This
latter observation is consistent with Kitaigorodskii’s dictum that
the crystalline field does not affect bond lengths in organic
molecules. The implication of the data in Tables 1 and 2 is
that this does not hold for metal complexes.

As an alternative method of estimating the experimental
contribution @¢) to o, values ofo were calculated for succes-
sively more restricted crystallograpHitvalues (in those cases
for which there are sufficient data). In this way we attempted
to provide values for which may be extrapolated ®= 0 for
which g would be at a minimum. Table 2 lists thevalues
and Figures 2a and 2b illustrate their variations. In general the
values ofo for the highest precisioni.g. lowest R value)
structure determinations are consistent with the values,of

calculated using eq 4 (see Table 1). Equation 4 of course
provides only a crude estimate of, since it is based on a
conservative and approximate value égr It should be noted
that simply restricting the crystallographitfactor is a crude
and potentially unreliable way of increasing the experimental
precision of the parameters studied\otably in cases where
heavy elements are present low crystallographfactors may

be obtained even though metdigand and even more so
intraligand dimensions are rather poorly determined.

In this paper we have estimated the variance of a number of
molecular parameters{) due to factors other than intramo-
lecular effects and random experimental errors of the sort
estimated by crystallographic least squaws)( What then is
the source, or are the sources, of the variam‘,ésthat remain,
which are often much larger than?? One important source
is undoubtedly the variation in crystallographic environments
to which the molecules are exposed. This is precisely the

Figure 2. (a) Variation ofo values for bond lengths (with standard crystalllr)e field or crystal pacl_<|ng effects t_ha_t have been held
errors, see Table 2) with crystallographcfactor. The solid lines responsible on many occasions for variation of molecular
indicate polynomial interpolations between the points. (b) Variation Parameters from their ideal or expected values for reasons that
of ¢ values for bond angles (with standard errors, see Table 2) with Were otherwise inexplicable. However, we should consider
crystallographidR factor. The solid lines indicate polynomial interpola- ~ other possible sources of these variances.
tions between the points. Compositional Disorder. Parkinet al.2® have demonstrated
that compositional disorder can lead to anomalous variations
were obtained using various of the methods [0.0113(7), 0.0112-jn crystallographically determined bond lengths. This is
(5), and 0.0193(3) A for MCl by methods (i, iv, iii), certainly possible for some of the parameters studied here, most
respectively]. In general the agreement betweealues from obviously for M—ClI bond lengths and GIM—CI angles in
different methods is reasonable. Thus a Kruskafallis which replacement of chloride by other halide, pseudo-halide,
analysis of variancé for these three sets dfj values indicates o near-isomorphous groups such as methyl is conceivable.
that the null hypothesis, that the samples are drawn from the However, for many examples it is harder to conceive of a
same populationi €. have the same values), cannot be rejected  mechanism by which this effect could play a large role.
at the 99% confidence level. This is as to be expected if the Furthermore, since it igariation in compositional disorder
values ofo are robust descriptors of the variability of the petween different site the same crystathat is required for
parameters studied. There is some indication that estimates ofthis effect to make a contribution tg? as calculated by methods
o based wholly on molecular symmetrygl method (iii)) are (i), (iii), and (iv), we can reasonably expect this source of
higher than those from other methods (s M—CO and variance to be a minor one.
M—CI). This might be a consequence of these datasets being | jprational Effects. Distances and other parameters derived
depleted of very small values d; since in many structures  from crystallographic data are based on atomic positions
containing otherwise appropriate Mle.g. MCly) fragm'ents averaged over disorder whether dynamic or static. The dimen-
the A values are constrained to be exactly zero by imposed gjons discussed here are not corrected for libration and similar
crystallographic symmetry and are therefore discarded. effects and therefore are liable to be affected differently by these
In all cases bar one thevalues are larger than the estimates  gystematic errors in the different crystal environments in which
of oe hence allowing calculation of values fop (see Table 1).  they are located. This seems unlikely to be a major contributor
Since theoe values are conservative (high) estimates we may pere, Although the vast majority of the structures used in this
therefore assume that tiog values in Table 1 are lower limit  gy,qy were determined at room temperature the dimensions
estimates. In all cases the metigand bond distance values  nder study involve the metal atoms of rather large complexes.
are >0.01 A. This is in contrast to similar data for organic Thege parts of the molecule are almost always near the center
of mass of the complex and hence subject to rather small
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(27) Siegel, SNonparametric Statistics for the Befiaral Sciences
McGraw-Hill: New York, 1956; pp 184194.

(28) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G.; Taylor, R.J. Chem Soc, Perkin Trans 2 1987, S1-S109.

(29) (a) Parkin, GChem Rev. 1993 93, 887-911. (b) Yoon, K.; Parkin,
G.J. Am Chem Soc 1991, 113 8414-8418.
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librational motions and hence corrections. Since it is the
differencesn the corrections for identical molecules that would
contribute to theoy?, we can be confident that this source of
variance is a minor one.

The polymorph approach is likely to be more severely

affected than the other methods by the nonpacking effect sources

of variance described above. The fact that this method does
not yield substantially different estimates of variance than the

other methods may therefore be taken as an indication that they

do not make a major contribution to the observed variances.

Systematic Errors. As noted above there is some anecdotal
evidence in the literatufé that the crystallographic least-squares
estimates oy, are more drastic underestimates for the heavier
elements. Why this should be so is not transparent although
anharmonic motion of the heavy atoms (and its not being
accurately treated in the crystal structure analysis) has bee
suggested as one calfseHowever, it is conceivable that
unresolved crystallographic problems such as unrecognized
twinning >3 incorrect space group assignméhtabsolute
structure assignme#fimperfectly corrected absorption effects,
or inadequacies in the cell dimension esds (see above, and re
5) could also contribute to the observed In any event the
underestimate af. would have to be truly spectacular for this
to explain all the variance observed here. It may be however
that the values oé reported here conceal different values for
different elements (of the 5d elements compared with those of
the 3d elements, for example). It should be noted that our
procedures should have eliminated almost all incorrect space
groups within the dataset by application of the MISS¥M
procedure as implemented in PLAT@Nand discarding all
doubtful cases from the datasets. The proportion of structures
discarded in this way (27 from a total of 1802 unique CSD
refcodesca. 1.5%) is striking.

Mechanisms of Crystalline Field Effects. It is worth
considering what the mechanisms of any packing effects might
be. In at least the case of the Nl bonds we might anticipate
that hydrogen bonding, usually reckoned the strongest of
intermolecular interactions, would play a role in distortions
leading to different parameter values in differing crystal
environments. In fact in at least one case intta@s-Cl—M—

Cl dataset this appears to be the case. Thus- £0.0395 A

is associated with a C+tClI contact having an H-Cl distance

of 2.80 A3 In other cases it might be that dipeldipole
interactions play a significant rolee.§. for metal carbonyls).
These types of packing effects might be termed first-order effects
in which there is a direct perturbation of a bond parameter by
an interaction with the local environment. It is clear, however,
that many of the parameters in Table 1 cannot be affected by
first-order effects since they are insulated from the crystalline
field by ligands (as for M-M) or substituents€.,g. M—P, P-C

in M—PPh). In these cases second-order effects appear to
operate in which, for example, changes in conformation cause

(30) Semmingsen, D.; Hollander, F. J.; Koetzle, T.JFChem Phys
1977, 66, 4405-4412.

(31) See for example: Marsh, R. E.; Herbstein, FAldta Crystallogr,
SectB 1988 44, 77—88. (b) Marsh, R. EActa Crystallogr, SectB 1986
42,193-198. (c) Marsh, R. E.; Herbstein, F. Acta Crystallogr, Sect
A 1994 50, 450-455. (d) Marsh, R. E.; Bernal, Acta Crystallogr, Sect
B 1995 51, 300-307.

(32) (a) Jones, P. Q\cta Crystallogr, Sect A 1984 40, 660-662. (b)
Jones, P. GActa Crystallogr, Sect A 1984 40, 663-668. (c) Jones, P.
G. Acta Crystallogr, Sect A 1987 43, 79-80. (d) Jones, P. GActa
Crystallogr,, SectA 1986 42, 57. (e) Jones, P. @\cta Crystallogr, Sect
A 1986 42, 924-925. (f) Bernardinelli, G.; Flack, H. DActa Crystallogr,
Sect A 1985 41, 500-511. (g) Muller, G Acta Crystallogr, SectB 1988
44, 315-318. (h) Glazer, A. M.; Stadnicka, KActa Crystallogr, Sect A
1989 45, 234-238. (i) LePage, Y.; Gabe, E. J.; Gainsford, I5 Appl.
Crystallogr. 1990 23, 406-411.

(33) Hartman, E.; Dehnicke, K.; Fenske, D.; Goesmann, H.; Baum, G.
Z. Naturforsch, Teil B 1989 44, 1155-1160.
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Figure 3. Force constants (N m) for platinum- @) and ruthenium-
(m) containing bond® vs corresponding values of (see Table 3).

nTable 3. Force Constant4 and ¢ Values for Platinum and

Ruthenium Bonds

freq force

bond o (A) pairs/sets (cm™)  constant (N/m)
Pt+ClI 0.0115(20) 16/7 320 4.58
fPt=P 0.0057(14) 8/4 400 6.38
PN 0.0286(46) 19/6 265 1.37
Ru—ClI 0.0098(34) 22/7 300 3.563
u—Ru  0.0362(2) 584/96 300 6.79
Ru—N 0.0396(34) 68/21 260 1.24
Ru—0O 0.0134(13) 12/1 500 5.15

distortions in bond angles which in turn affect bond lengths.
Presumably the relative softness of mefagand bond lengths,

and of valence angles at both metals and ligand contact atoms,
facilitate these distortions and render them observable as here.

Clearly the bond parameters for some metals might be
expected to be more easily distorted than those of others. As
an extreme example GtCl distances in Cu(ll) complexes vary
widely as a result of JakriTeller effects? In practice, as noted
above, inspection of the largey; values shows no significant
contribution from metals for which such effects would be
expected. Nevertheless, it is likely that thevalues in Table
1 reflect some average of a variety of different variances for
different metals.

In light of the previous discussion we considered the
possibility that there would be a simple relationship between
parameter softness as measuredoibgnd the force constants
for the deformation in question. Clearly one would expect some
relationship. However, there is no simple link as shown by
graphs of force constaifs/ersus standard deviation for selected
bonds that do not in any way resemble linear plots (see Figure
3, Table 3, and footnote 35). This is understandable since the
variations observed heresy), insofar as they arise from
crystalline field effects, do so as a result of both the softness of
and the forces placed on the bond in question. We have no
way (here anyway) of measuring these fofeend so must
leave this point unresolved.

Conclusions

Perhaps the most important result of this work is that the
molecular structure of individual metal complexes as revealed

(34) Values taken from: (&§pectroscopic Properties of Inorganic and
Organometallic compound®avidson, G., Senior Reporter, Royal Society
of Chemistry: London, 1994, and other earlier members of the series. (b)
Nakamoto, KInfrared and Raman Spectra of Inorganic and Coordination
Compounds4th ed.; Wiley-Interscience: New York, 1994.

(35) A referee has pointed out that the appearance of Figure 3 would be
better in line with expectation if the point for RtRu bonds were removed
(or if one or both of thes or force constant values for this point were
greatly reduced).

(36) (a) Dunitz, J. D.; Brgi, H-B. Acc. Chem Res 1983 16, 153-161.

(b) Dunitz, J. D.; Bugi, H-B. Acta Crystallogr, Sect B 1988 44, 445—
448.
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by crystal structure analyses is of limited reliability. These  Crystallographic results are very widely used to gauge the
limitations appear to be reflected in what might be termed quality of other methods of determining molecular geometry,
inherent standard deviations in metéijand (or metat-metal) whether experimental (such as EXAFS spectroscopy) or com-
bond lengths of which most lie between 0.01 and 0.02 A. There putational £.g. molecular mechanics or quantum methods). In
appears to be relatively little variation between values for the computational field both molecular mechanics force field
different bond types although it seems that metaktal bonds (see,eq. refs 38 and 39) and quantum chemistry (seg, ref
(0 = 0.0340(1) A) are exceptionally prone to deformation (as 40) methods have been calibrated by comparison with crystal-
has been noted anecdotally on a number of occasemstef lographically determined parameters. In these cases discrep-
37) although they will also be especially prone to the effects of ancies between experimental and calculated values fet. M
systematic errors as discussed above. Similarly, bond anglesbond lengths and bond angles ch 0.02 A and 1 or 2
have an inherent standard deviation of between 1 &l rdost respectively, have been regarded® as signifying “good
cases, although on occasion (notably for tilting of PiRfands agreement”. In light of the study reported here, these discrep-
as reflected in the larges for M—P—C as compared with  ancy criteria do indeed look appropriate. However, we note
C—P-C angles) larger values of up to 3.@re observed. that while root-mean-square deviations of these magnitudes are
Torsion angles, as noted by KitaigorodsKiare especially prone  to be expected, mean deviations should not be so large, and
to the effects of the crystalline field, showingvalues of up to substantial values might indicate systematic inadequacies in the
47°. Acyclic bonds appear a pathological case, if torsions about modeling procedure. In the light of the results above it is clear
P—Cipso in MPPhs are representative, and are particularly that discrepancies between crystallographic and other values on
affected. In contrast intracyclic torsionsd. about P-C bonds the order of ther in Table 1 are likely to be insignificant.
in M(dppe) complexes) have smallervalues. Finally, we should consider where these results leave studies
It seems likely that the major contributions to these inherent which are based on variations in molecular dimensions that may
uncertainties arise from the crystalline field. However, it may be on the order of the values in Table 1. Into this category
be that other sources (as described above) play some part andnight come structureproperty relationship studies or attempts
therefore we have used the term apparent in the title andto test theoretical predictions such as our own studies of metal
elsewhere to qualify our assignment of the source of these phosphine bonding#! It is clear that trouble may result unless
uncertainties. It may be as important that consumers of considerable care is taken to choose situations where the
crystallographic data on molecular structures of metal complexesgeometrical effects are large compared weithr to use statistical
appreciate the limitations on the reliability of this type of methods to check hypotheses that are not dependentaues
structural data, whatever their source. derived from crystallographic least squares. In some important
If we assume that the arguments above hold andiedlues instances variations in bond lengths are very much on the order
are larger thamw,, especially for reasonably precise structures, of the o values here. For example, the Ree bond lengths
then some interesting corollaries arise. First we might consider measured in [R€I;(PMePh)]"™" (n = 0, 1, 2) and related
that these data provide some estimate of the amount by whichspecie® vary by only small amountse(. in the three
molecular structures vary in the solution phase as the local complexes listed 0.045 A) in crystal structures containing these
solvent field varies with time (if we assume as a first ap- complexes. Itis clear that such small variations may be due to
proximation that the forces on the molecule in solution are of intermolecular aspects of the crystal structure rather than being
the same order as those in the solid). While it has been widely an inherent property of the molecule. Careful analysis (by
supposed that solid state structures are not an infallible guideexperimental and computational means in this ddseps
to solution state geometries the present study provides somerequired to extract the chemical principles at work. More
insight into how much molecular geometries might vary. In generally it is usually assumed that shorter bonds are stronger,
any event these results remind us that the structures of metalalthough this truism has recently been called into question by
complexes are not fixed and are apparently variable even ina stimulating article reporting bond lengths and thermochemical
terms of bond lengths and angles as well as the more expectediata for open titanocene complexes (see ref 43 and references

torsion angles. therein). In any such discussion the question arises as to when
(37) Brown, S. S. D.; Salter, . D.; Dent, A. J.; Kitchen, G. F. M.; Orpen, @ bond length is “longer”. Conventionally the answer has been
A. G.; Bates, P. A.; Hursthouse, M. B. Chem Soc, Dalton Trans 1989 based on comparison of the bond lengths in light of their
12%335)1(%51?)’6% e A K.: Colwell K. S.: Casewit, C.dorg. Cherm 1993 crystallographic esds. As argued above perhapsilues of
,A. K.; Colwell, K. S.; Casewit, C.Idorg. . .
32,3438-3 450pf° (b) Rappe, A. K ; Casewit, C. J.- Colweﬁ’L K. S.: Goddard, the sort presen_tegl he_re may in fact be more appropriate measures
W. A., lll; Skiff, W. M. J. Am Chem Soc 1992 114 10024-35. (c) of the uncertainties in the bond lengths and other parameters.
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