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Abstract

Several approaches to quantify and classify the electronic properties of phosphines and similar ligands experimentally are reviewed and
compared to recent attempts to calculate these properties with theoretical methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction metal nitrosyl[1-3] and carbony[3—18] complexes. Their
IR spectra display very specific bands for the nitrosyl and
In order to investigate the electronic properties of ligands carbonyl groups. The resonances in the IR spectra for these
one needs to find a probe that responds effectively and sensigroups are very sensitive towards alterations in tertiary phos-
tively to changes in the electronic properties of said ligands. phines[18] and other ligands. As NQis isoelectronic and
Two such probes became the focus of attention, transitionfor the present purpose isostructural to CO, it is sufficient to
explain this phenomenon for carbonyl. The arguments for the
Tesent address: Institufirf Angewandte Photophysik, TU Dresden nitrosyl |Iga.1r.1d are similar. .
George-@hr-Strasse 1, D-01069 Dresden, Germany. ’ L _The position of theCO bands in th(=T IR-_speptrum ofatran-
Tel.: +49 351 4633 9485; fax: +49 351 4633 9486. sition metal depend on the electronic situation at the metal.
E-mail addresskuhl@iapp.de. The CO ligand acts with its electron lone pair as-donor
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towards the metal. The metal in turn can transfer electron  Using arene chromium(0) tricarbonyl complexes in a pho-
density into the 5s {9 antibonding orbital of the CO ligand, tochemical ligand exchange reaction shown in @&g.
weakening the CO bond and shifting th€é O band towards
lower wavenumberfi9]. If a CO ligand is replaced by ater-  [aArCr(CO3)] + L —"[ArCH(CO),L] + CO @
tiary phosphine then the phosphine itself will act as@onor
with its electron lone pair towards the metal. This renders the they established that increasing the electron density on the
metal more electron rich. This increased electron density on grene ligand increases the electron density on the metal and
the metal can then be transferred towards the CO groups andnys favours backbonding towards the CO groups and the
the phosphine ligands. The extend of this backbonding is de-coordinated ligan@L2,29] This was monitored via theCO
pendent on the-acceptor strength of the various ligands. As - stretching frequency. Increasing the electron density on the
only the phosphine is altered and the other ligands (CO, Cp metal results in a smaller wavenumber for the corresponding
etc.) remain constant, the system can be used to measure thgco frequency.
electronic properties of a series of phosphine ligands. Good | the same way Strohmeier et al. ordered the various
w-acceptor properties are indicated by a shift ofu@®© fre- metal carbonyl complexes ([ArCr(C&)], [CpMn(CO)L],
quency towards higher wavenumbé¢ts]. However, as the  [Fe(COyL], [M(CO)sL] with M: Cr, Mo, W) according
shift of VCO frequency is only an indication for the net elec- tg their w-donor ability and arrived at the following series
tron donating ability of the ligand, this is not sufficient proof (10 30} Mn > Cr > W > Fe > Mo.
for goodm-acceptor strength. However, this order does not represent the transition met-
As this holds true for any transition metal carbonyl com- g5 correctly as part of the-donicity comes from the aryl
plex (or nitrosyl complex for that matter), Tolman's famous o cp ligand. If one looks at the daft0,30] more carefully,
statement “we could have chosen some other carbonyl com-then it becomes apparent that §€)Cr(CO)] is a better
plex, but[Ni(COyL]formsrapidly.. . evenifLisverylarge”  _donor than [CpMNn(CQ) meaning that a ligand corrected
(L: tertiary phosphine) becomes understandgd8¢ Indeed,  order of the above transition metals should read: Cr > W >
before[6-17]and aftef20-22]Tolman other transitionmetal  pg > Mn > Fe.
carbonyl complexes were chosen for various reasons and re- - Haying established the electronic influence of the central
cently considerable effort was invested to calculate the re- metal atom and the aryl substituent they turned their attention
spectivevCO frequencies with arange of theoretical methods +tg the differences in the ligands themselves. They found a
[23-28] significant influence of the ligating atom (N, S, O, P) or more
The main objectives of the present article are to give an generally of the functional group the ligand uses to bond to
overview of the existing scales for the experimental determi- the meta[6,7,9-12,29-31]They summarised their findings
nation of the net donating ability of phosphines, why they i the well known serie§l2]: pyridine < nitrile < PRs ~
have been developed and how they are interrelated as well aR,SO~ isonitrile < CO.
introducing the growing field of predicting the net donating Atthis point the fundamental principles necessary to quan-

is intended as a guide for the synthetic chemist and for this gefined. These are:

reason the theoretical methods will not be discussed in detail.

The efforts to predict the electronic properties and to repro- ¢ The ligand contribution consists of @donor and am-
duce existing experimental scales will be discussed in terms  acceptor part (the-acceptor part can be virtually 0).

of their practical applicability. e The ligand changes the electron density on the central
metal.
e The electron density on the metal determines the degree of
2. The Strohmeier approach backbonding.
e The CO ligand acts as probe for the electron density on the
In the 1960s, Strohmeier et al. investigated ¢éhdonor central metal.
ability and mw-acceptor strength of various ligand classes,
amongst them nitrile§9,11], isonitriles[11,30], sulfoxides Two things were still missing, a better resolution to mea-

[6,10,29] and phosphine$7,31]. They were interested in  sure the influence of the rest R in the phosphine or the sul-
establishing a “spectroscopic serigl®,7] for the ligand foxide series and a way to quantify the results. The former
strength similar to the one familiar in classical coordina- Strohmeier et al. developed with the sulfoxide ligand family
tion chemistry, a method to separate ihelonor and the  [29] and later adopted it to the phosphirjés, whereas the
w-acceptor contribution of the #L bond, and a classifica- quantification was Tolman’s great achievemién18].

tion of transition metal fragments according to theidonor As this article is mainly concerned with the electronic
ability. For this reason, they carried out an elaborate researchproperties of phosphines rather than sulfoxides, it suffices to
programme into the chemistry of transition metal carbonyl note that as the result of these experiments the sulfur-based
and nitrosyl complexes using a plethora of N, S, O and P- ligands can be aligned in increasimgacceptor strength in
based ligand classes as standard donors. the serie$29]: R2S < RSO < ArSO < (RO»SO < SQ.
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The o-donor contribution was determined seperately 4. Alternative methods to determine the influence of
using force constants and dipole moment determinations substituents
[12,32] The same order of substituents was also found in the
phosphine series. However, for the phosphines Strohmeier As Tolman’s IR-based method to determine the electronic
et al. defined classes numbered from | to VI in an attempt influence of phosphine ligands on th€O stretching fre-
to quantify their result{7]. These classes were ordered quency is based on alterations in the CO bond induced by the
in frequency bands and arranged according to increasingphosphine, it comes as no surprise that other research groups
wavenumber. The classes I-lIl roughly correspond to the tri- studied carbon 13 NMR chemical shift33—-39] of these
alkyl phosphines (1), triaryl phosphines (I1) and phosphites metal carbonyl complexes as well asR[40-43]and various
(1l). These classes form the basis for Tolman’s famous for- M—P [44,45] coupling constants to determine thedonor
mula that quantifies the influence of the substituent on phos-and w-acceptor properties of phosphines. Edfe NMR
phorus in the [Ni(COJL] (L: tertiary phosphine) series. studies were severely hampered by the low abundance and
sensitivity of13C and as a consequence a sufficient database
became available only after the advent of Fourier transform
3. The Tolman electronic parameter (TEP) NMR in the mid 1970s.
The phenomena studied BYC NMR mirror those de-
The first single equation relating all tertiary phosphines to scribed by IR spectroscopy in the preceeding decade. Bod-
a specific series of transition metal carbonyl complexes wasner first studied the influence of the substituents on the
the one describing the Tolman electronic parameter[IBP ~ arene entity in [ArM(CO3] (M: Cr, Mo, W) and found that

and is reproduced in E@): the metal fragment acts as net electron donor on the car-
bonyl ligands[36,37] The next logical step was the eval-
VCONi = 20561 + Zx; ) uation of the influence other ligands have on the chemical

where vCOy; refers to the A band in the IR spectra shifts of the_carbo_nyl carbon atoms. Various metal carbonyl
of [Ni(CO)sL] (L: PRIRZR®), 2056.1 is the A band of ~ COMPlexes including [Cpre(CE)] [46], [CPMn(CORL]
[Ni(CO)3(PBU,)] and ; is the effect the substituent Rn [40,46} [Ni(CO)sL] [35,40] [M(CO)sL] (M: Cr, Mo, W]
phosphorus has on the frequency of thelfand of the re-  [33,34,38,40jand [XRe(COj] [47] (X: 1e~ donor ligand;
spective [Ni(CO}L] complex. [Ni(CO}(PBU,)] was chosen L: 2e~ donor ligand) were investigated revealing a correla-

as the reference on the TEP scale whefer Bu® = 0 recog- tion between thek, stretching force constants and tbis
nizing that PBY is the most basic tertiary phosphine known carbonyl chemical shifts, whereas the same correlation to the

to Tolman and thus the bestdonor and worstr-acceptor. respectiverans carbonyls remained questionalj3s]. The
Tolman's lasting achievement was his recognition of the observed increase in the carbonyl stretching force constant
fact that theo-donor ability and ther-acceptor strength of is reerc?ed by a shielding of t_he carbonyl_resonance, which
tertiary phosphines are the two main components of the netVas attributed to a decrease in the magnitude of the separa-
donating ability of phosphines and can be jointly determined 10N between the ground state and the lowest lying electronic
by measuring the Aband in the IR-spectrum of any respec- excited sta.tes with increasing transition metalcarbonylw
tive transition metal carbonyl complex. Thus, the TEP de- Packdonatiori3s,48] ,
scribes the net donating ability of tertiary phosphifig], Besides the chemical shift values NMR spectroscopy
although the property generally referred to in the context of KNOWs & second vital parameter that can be used to monitor
TEP is them-acceptor strength. However, since the differ- the immediate environment of a nucleus of interest, the cou-
ences in thes-donor ability of tertiary phosphines are rather Pling constants to neighbouring atoms. Thus, coupling con-
small, itis standard practice to interpret @0 data in terms stants have duly become the focus of attention. As the effect

of them-acceptor strength, a practice that can be misleading ©n coupling constants is greatest where the coupling con-
in certain cases. stants have their highest absolute values, those compounds

Itis worth remembering that an exact mathematical treat- '€ceived preferential treatment where the phosphorus lig-
mentwould resultin different equations for each of the classes 21d 1S directly bound to another NMR active nucleus such
or families defined by Strohmeier. But as Strohmeier has &5 P0ron[49,50] tungsten[51], platinum [44] and sele-

put it, the transition between the classes is gradual and theum [44]. A qualitative relationship betweetdpg and the

borderline cases can be treated as belonging to two classeStrength of the PB dative bond was founfe9,50} The bond
simultaneously[7] The TEP, spanning the whole range of st_repgth declines with the basicity of the ph_osphorus centre.
Strohmeier's classes, is an excellent approximation for all Similar trends were found for thilpse coupling constants

practical purposes, without being an exact match for any but With electron withdrawing thienyl and furyl substituents on
the trialkyl phosphines. phosphorug44] as well as for thé Jpp; coupling constants
The [Ni(COXL] scale of the TEP can be correlated with [44].

Strohmeier's [CpMn(CQJL] system[31] using Eq.(3): The P-C coupling constants, studie_d _to determine the in-
fluence of the substituents on the basicity of the phosphorus

TEP = 0.711vCOwn + 692 cni?, R =0.970 3 atom, show a complicated pattern of dependence. Not only is
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it difficult to determine the sign (positive or negative) for the 5. Quantitative analysis of ligand effects (QALE)
coupling constant, but the magnitude of the change in cou-
pling constant upon complexation to a transition metal does  Starting from the accepted belief that the net donating abil-
not appear to correlate with the basicity of the phosphine ity of phosphines (or any other similar ligand) is dependent
[40]. on theo-donor andm-acceptor properties of the ligand and
NMR studies show a correlation (qualitatively and/or influenced by steric factors, Giering et al. from the mid 1980s
guantitatively) between the basicity of the phosphine ligand onwards tried to quantify these factors by means of a combi-
and the chemical shift value of the carbonyl carbon or the nation of regression and graphical analysis of the available ex-
1JpE coupling constant. However, in the absence of a thor- perimental dat§70]. These data include Tolman’s electronic
ough theoretical foundatiof34], it cannot be expected that and steric parameterg,andé, respectively, as well as ther-
the observed correlations can be used to predict the exactmodynamic AHC, A, and AG?), kinetic (reaction rates),
basicity of unknown phosphines. and electrochemicalAEY) entities. The method known as
Other methods utilized to determine the basicity of phos- quantitative analysis of ligand effects (QALE) relies on ex-
phine ligands include the measurement of th@, walue perimental data of known ligands and provides the resolution
of the phosphine or rather theKp value of the corre-  of the net donating ability of a ligand into the four QALE pa-
sponding phosphonium ion HRZ [52,53] as well as the ~ rameterscq, A, Earandmp (xq is the corrected TER, denotes
heat of protonation of M—PZcomplexeg54-63] As the the steric switch based on Tolman’s steric param&teg, is
gas-phase proton affinity does not reflect the situation in the so called aromatic effect ang represents the-acidity).
solution, this easily to measure quantity is unsuitable for  Originally, QALE was a comparatively simpler tool based
the determination of the phosphine basicity in the liquid on x andé alone[66,71-73] but over the years the original
phase[64]. The K, value of HPA" is per definition gen-  parameters were modified and new parameters discovered
erally an accurate measure of phosphine basicity as longuntil presently a very sophisticated and detailed knowledge
as steric influences on the rate of protonation can be ne-about the electronic and steric influences of phosphine lig-
glected. For very bulky phosphines there exists a signif- ands onmetal centresis provided by QAI2EZ,74] Tolman’s
icant deviation from the expectedKp value that has to  steric parametef was included to describe a steric thresh-
be taken into accourj65,66] Allman and Goel[52] have old to reflect the phenomenon that some reactions depend on
demonstrated that theKg values of P3 if measured in the steric properties of the ligand once the steric bulk of the
HCIO4/nitromethane correlate excellently with Hammettt's ligand exceeds a certain threshold value. A modification in
o, [67], Taft's o* [68], or Kabachnik’ss? [69] values de- the TEP was introduced twice by Giering et al, once to elim-
pending on the substituents on phosphorus. However, somenate them-acceptor contributionyy denotes the pure donor
deviations were noted for phosphorus ligands of very low ability without anyw-acidity [75,76], and the second time to
basicity and in particular phosphites. It needs to be re- exclude the contribution from the “aromatic” effeig, [75],
membered that i, measurements in non aqueous solu- thus the term newq. TheEg is an additional electronic in-
tions can be very sensitive to choice of solvent and acid fluence exerted by aromatic substituents on phosphorus and
as was noted by Allman and Goel in this particular case dependent on the number of such aryl groif¥578] As the
[52]. The findings of Angelici for the heats of protonation Ear is not limited to aryl rings, but appears to be a general
of transition metal phosphine complexes are again similar property of non-alkyl substituen{g9], the choice of name
[54]. On a series of metal complexes as diversefaas for the parameter is somewhat unfortunate and has its origin
[W(CO)3(PZ3)3] [58,62], [CPRM(PZ3)2X] (M: Os, Ru)[61], in the fact that it was first noticed and described for aryl sub-
Cis[M(CO)2(L-L)2] (M: Cr, Mo, W; L-L: bidentate phos-  stituents. Ther, parameter describes theacidic character
phine)[60], [CpIr(CO)(P%)] and [Fe(CO}(PZs),] [56] he ofthe ligand80,81] Hence, the two parameters of interestin
could demonstrate that the basicity of the metal complex the discussion of the relative influence of thelonor andr-
closely follows that of the phosphorus ligand by determining acceptor contributions would hg andrp, the combination
the heats of reaction for the protonation of the metal com- of which is TEP.

plexes with dilute triflic acid CESOz;H in dichloromethane It has to be noted that QALE’s foremost achievement is
or dichloroethane. Steric influences as measureé Wgre the separation of the TEP entiyinto the o-donor andxr-
only detected for sterically crowded complexes lifee- acceptor componenfg andrp, respectivelyj81]. It attains
[W(CO)3(PZ3)3]. greater accuracy by incorporating steric effects (threshold

As we are concerned with a method to predict the net valuex) and additional electronic factorgy;). As the steric
electron donating ability of ligands, we will follow the de- threshold does not apply to the sterically unhindered Tol-
velopments in the FTIR treatment of the problem since force man complex [Ni(COjL] and the deviations caused I,
constants and stretching frequencies can actually be calcu-are usually small, a full QALE treatment is not required for
lated without taking recource to any experimental data. But routine estimates of.
before doing so we should first give consideration toamethod ~ For best results, the current version of QALE should be
that can resolve the net electron donating ability intasits ~ used as the method has been developed over the past two
donicity andw-acidity components. decades with substantial improvements in complexity and
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performance. This can be seen by the QALE treatment of ment that the choice of transition metal carbonyl system is
selected phosphine ligands. B@las first described as apure arbitrary. In principle, any transition metal carbonyl com-
o-donor without anyr-acidity on the basis of just two of the  plex for which enough reliable experimental data are avail-
now four QALE parameterf82]. After the introduction of able can be used as a valid scale and all the scales can
Earand utilization of a much broader database the verdict wasbe interconverted since they are based on the same princi-
altered to moderater-acceptor. Similarly P(CEHCH2CN)3 ples.
was always considered as a gaedcceptor on the basis of a Indeed, the data do not need to be accumulated experimen-
high x value. In arecent reevaluation, Giering and coworkers tally, but can be calculated using adequate theoretical tools,
concluded that the ligand is indeed a paoacceptor and  distilled into a scale and the scale calibrated. There is no real
owes its highy value to its even poorer-donicity [79]. This need to calibrate the theoretical data with experimental data
shows that a conclusion concerning thacidity of a ligand of the same system, correlating them to TEP is sufficient.
cannot be based on ijgvalue alone, even if the result were
true in most cases.

The section would not be complete without mention of a 7. Calibration and correlation
competing system introduced by Drafg3—86]and some-
times referred to as ECW system. The system derives its As the term implies, a meaningful correlation between
name from the three contributing factors, the paramdggs two graphs can only be achieved if the one graph is actually
andCg,yp and the constarW. As Giering et al. have recently  related to the other. This can be illustrated by an interesting
shown, ECW works well in cases where oplyandé con- piece of statistics. In 1960s Sweden both the birth rate and
tributes and fails where a full set of four parameters would be the stork population were in decline. A simple correlation
required[87,88], a state of development in the ECW system would link the decline of the birth rate with the decrease in
that corresponds to QALE as it stood less than a decade agostork population. However, to conclude from these data that

We can conclude that QALE is arguably the best method to the stork indeed delivers the babies would be a grave fallacy.
determine the stereoelectronic properties of a ligand in greatWith the diverse transition metal carbonyls and nitrosyls de-
detail and separate the individual effects. The drawback is Scribedinthe presentarticle correlation is clearly permissible.
QALE's reliance on very detailed experimental data for the Here, the frequency of the respective ACO band changes
ligands investigated since regression and graphical analysigdue to the electronic properties of the employed ligand and
require equation systems based on experimental data that conthis change is effected by the interplay @fdonor ability
tain up to 20-30 independent equations. As we are primarily andm-acceptor strength of the ligand. These ligand proper-
concerned with predicting the properties of ligands that have ties change the electron density on the central metal and thus
not yet been synthesised, the intrinsic lack of experimental the backdonation into the=@© bond. Therefore, the effect

data all but precludes the application of QALE. on thevCO frequency can be traced back to the same se-
ries of phenomena regardless of the transition metal complex
employed.

6. The Crabtree scale In practical terms, this means that any scale using a transi-

tion metal carbonyl complex as the probe and tertiary phos-

Through the efforts of Tolman, Strohmeier and others the phines as the ligand class to be evaluated can be correlated
electronic properties of monodentate tertiary phosphine lig- With any other or with the TEP as the standard system. Taking
ands were well known by the 1970s and the knowledge could the argument further, the s_cale can be extended to pther lig-
be applied to the design of respective transition metal cat- 2nd classes such as sulfoxides (Strohmgetp,29] amines
alysts[89-93] However, with the advent of more powerful (C0tton)[15,99] N-heterocyclic carbenes NH[100-106]
bidentate chelate ligands in catalysis, the existing [Ni@@®) ~ €therd6,9], arsines and the lid.07-109] With ligands that
scale of Tolman or the other systems like [CpMn(GQgc- are themselvgs—c_ionors an_dr—acceptor_s Ilke_squOX|des (that _
cumulated by Strohmeier were no longer applic§®te-98} behave very similar to tertiary phosphines in many ways), ni-
A scale catering for transition metal carbonyl complexes fea- trilés and isonitriles that is rather obvious and was already
turing two phosphine ligands inis-position was needed. described before the mtroducuop of TEP. cher ligands |.Ike
This need was addressed by Crabtree when he introducedVHC can be seen as the extension of the trialkyl phosphines
the cis-[Mo(CO)4L-L] (L-L: bidentate phosphine ligand or beyond the Tolman limit of PBpwherey becomes negative
two monodentate phosphines) system and correlated it to theandvCO falls below the value of 2056.1 crth[110]. This be-

existing TEP using the following equati¢20]: haviour can be attributed to the excellentionor ability of
NHC paired with the almost complete absenceratcceptor
vCON; = 0.593vC0Oy + 871, R = 0.996 4) strength associated with this ligand clfiskl,112] The other

end of the range, i.e. ligands withacceptor strength signif-
This represents the first time that two scales describing theicantly superior to those of phosphites is still largely unex-
net donating ability of phosphines were correlated and mu- plored, and has become the subject of renewed interest in
tually interconverted. Thus, Crabtree proved Tolman’s state- recent times.
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2100 - T - interest. These data points are often considered as “obvious
20901 ] outliers” and discarded or ignored. However, this procedure
is only permissible if there is sufficient reason to assume that
2080 . this particular data point is the result of erroneous data. It is
/VCS]:_PM) 2670 g ] not permissible to discard a data point simply to improve the
correlation factor R as this would amount to altering the ex-
2060 ] perimental result in order to accommodate a theory whereas
the prevailing paradigm of science demands the opposite.
A 9% 1970 1950 2010 There are several reasons why specific data could be erro-

v (CO,,) fem

Fig. 1. Correlation between TEP atrdns[Rh(CO)CIL,] (reproduced with
permission fronf115]).

neous. For instance, the€O frequencies are solvent depen-
dent[18], dependent on packing effects in the solid sf218,
polymorphism in the solid staf&13,114Jand mistakes in the
preparation of the respective complex can result in a com-

pound other than the target molec{lé4,115] In his defini-

In a recent comparison between Rh-Vaska complexes andtion of the TEP, Tolman eliminated most of these causes by
[Ni(CO)sL] Otto and Roodet fitted the graph with a simple defining the conditions of measurement as methylene chlo-
guadratic equatiof21] (Fig. 1). This becomes necessary be- ride solutions of the [Ni(CQL] complex[18], thereby elim-
cause the correlation between these two complexes separatdgating all effects associated with solid state and choice of
into two sections. The first comprises phosphines belong- solvent; other raw data have not been selected so carefully. A
ing to the Strohmeier classes I-lll and the second to the calibration is performed if a set of calculated data points are
Strohmeier classes IV-VI. With other words, the electron correlated with the same data points acquired experimentally.
deficient representatives being goméicceptors show a dif-  An excellent correlation factor is a prerequisite for accuracy
ferent linear correlation then the more electron rich and poor in calibration.
w-acceptor phosphines. A recent study by Cundari and coworkers is very illustra-

The formulas in this article relating different transition tive [24]. He calculated the Aband of a series of Rh-Vaska
metal conplexes to the TEP scale are only accurate forgpoor  complexestrans[Rh(CO)CILy]. His data do not correlate
acceptors (classes I-ll). Agood correlation between the TEP well with the experimental data available to hifaid. 2)
scale and the other transition metal complexes used would[27,91,116-123]but is in good agreement with the Crabtree
render an equation different to those givenTable 2 This scale Fig. 3and Eq.(5)) [20,124-128] A recent compila-
needs to be taken into account in the prediction of net electrontion by Otto and Rood®21] provides a data set that correlates
donating ability of electron deficient ligands. well with Cundari’s findings. The underlying problem is dis-

Any correlation of graphs or genesis of a scale from a se- cussed at length by Roodt et f11,114,115hnd consists of
ries of data points is likely to produce data points that are the tendency ofrans[Rh(CO)CIL] to incorporate a third
apparently far away from the curve that forms the graph of phosphine ligand forming the trigonal bipyramidal complex

Table 1
vCO stretching frequencies of several transition metal carbonyl complexes determined experimentally (cm

TEP Y Cr ArCr MesCr Mo f-Mo f-Mo t w Mn Fe Fet t-Rh Rh
PhMe 2067 1935 1937 2071 2041 2051 1970
PhhMe 2065 2064 2074 1947 2073 2048 1968 1974
Ph 2070 1957 2071 1930 1886 2073 1950 2071 1940 2051 2062 1979 1978
iPr 2062 1948 2059 1919 1928 2030 1950 1960
Cy 2060 1946 2057 1917 1871 2065 1926 2029 2045 1943 1959
m-Tol 2067 2067 1976
OPh 2087 1975 2076 1946 1911 2083 1994 1994 2083 1965 2065 2008
p-Tol 2067 1956 2066 2072 1936 2032 1976 1974
nBu 2064 1950 2062 1921 1876 2070 1928 2067 1930 2028 2045 1955
Et 2066 1949 2060 1922 1878 2069 1937 1930 2067 1931 2032 2047 1958
Me 2066 1951 1925 1880 2071 1945 1935 2071 1931 2049 1966
Bz 2068 1953 2063 1880 1931 2050 1970
OEt 2077 1964 2071 1934 1891 1971 1945 2044
OnBu 2078 1965 2071 1936 1892 2079 1945 2054
OMe 2080 1967 2072 1937 1894 2080 1977 1968 2080 1949 2049 2063
sBu 2064 1949 2060 1920 1930
o-Tol 2067 1958 2055 2066 2070 1937 2035 1974
tBu 2056 2027

V: [CpV(CO)sL]; Cr: [Cr(CO)sL]; ArCr: [ArCr(CO),L], Ar: terephthalic acid dimethyl ester; MesCr: [MesCr(GO]) Mes: mesitylene; Mo: [Mo(CG)L];
f-Mo: fac-[Mo(CO)zL 3] in toluene; f-Mo t:fac-[Mo(CO)zL 3] in THF; W: [W(CO)sL]; Mn: [CpMn(CO),L]; Fe: [Fe(CO)}L] in CHCIg; Fe t: [Fe(CO)L] in
toluene; t-Rhtrans[RhCI(CO)L,]; Rh: [Rh(CO)(acac)L].
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o-Tol .-~ The correlation between TEP and the experimentally mea-
: sured data are mostly good £ 0.926-0.947) to excellenR(
Ph,Me = 0.962-0.992). However, some series display a somewhat
Benzyl lower correlation qualityR = 0.799-0.891). This low qual-

ity of correlation is caused by phosphines of intermediate

2125

[
. p-Tol
2120

§ 2115

g‘“ m-acceptor strength (BMe, Ph, o-Tol) or phosphites (OMe,

8‘ 2110+ OEt, OPh). As has already been discussed, there are usually
= p105. two independent correlation zones, one for the electron ngh
g and one for the electron poor phosphines. It cannot be surpris-
. ing that some complexes or metals show a broader correlation

] ’ €O, =0.73024CO,,_ + 681 window than others.
2095 - . R =0.663

19I40 ' 19I45 ' 19I50 l 19I55 I 19|60 I 19I65 ' 19I70 ' 19I75 l 8. Theoretical methOdS
vCO[Rh(CO)CIL,],

For the synthetic chemist, theoretical calculations are use-
ful inasmuch as they enable him to plan the synthesis, to un-
derstand the mechanism of the reaction or to predict the prop-
erties of the chemicals he is about to prepare. In the present
[Rh(CO)CILg]: paper we deal with the electronic properties of ligands. From
these the properties of the resulting metal complexes are de-
duced. It is therefore fully sufficient to determine the ligand
properties either experimentally or by theoretical means. The

Otherreasons comprise the utilization of different solvents . . )
or measurement as KBr pellets. Solvent dependency of the,mOSt convenient way to determine these properties exper-

VCO frequencies is a known source of efft8], so are pack- imentally has been an indirect method involving transition
ing effects[114] and polymorphisnj113 114’]in the solid metal carbonyl complexes. For theoretical studies, this might

state. An example for this is a quinone for which polymor- well prove rather cumbersome and inconvenient as theoreti-
phisrﬁ is reported by Fikentscher, displaying a 20-30tm cal methods employed to calculate transition metal carbonyl
shift for the carbonyl bandd.29] ' complexes will have to describe the ligand, the metal atom

A plethora of transition metal carbonyl complexes was and the interaction between them. Any methods describing

investigated to establish the-acceptor strength of tertiary only the ligand would therefore be intrinsically more facile.

phosphine ligands preceding Tolman'’s introduction of TEP. Thus, a strategy that aims to improve the predictability of
the net donating ability of ligands ought to focus on theoret-

This wealth of data can be used to correlate the various sys-, . . "
tems and scales to the TEP. For the convenience of the readerlcal methods that dispense with the need of transition metals

the available datar@able 1 were correlated to TEPT&ble 2 relying e_xcluswel;r/]on the Ilgand. T}sel;}.. I—llqowever, |Lthe "?It')m
without making any claim as to its completeness. were to improve the accuracy with which we can describe a

given transition metal, then calculating the TEP on the entire
transition metal complex is a very viable approach as there
21704 is sufficient experimental data already available for a broad
1 OEt  OMe e : : “ C
2160 - e omn range of transition metals including the “elusive” nicka4].
] o m So far most theoretical studies were concerned with
2150 o transition metal complexes rather than just the ligands
1 ’ [24-27,148,149]A recent paper by Cundari and cowork-

Fig. 2. Correlation between calculated and experimental datardos
[Rh(CO)CILy]; 95% confidence limit shown by dotted line (cH).

VCORrh = 1.6863vCOW — 1290Q R =0.974 (5)

calc

2140 s

=4 ] . ers[24] is concerned with the reproduction of thg ACO
% 2130 Ph . OPr frequency of Rh-Vaska complexésns[Rh(CO)CIL,] (L:
e 1 thMe/,_f’_' e tertiary phosphine). In a first step, it aims to reproduce the
& 2120 T bl TEP scale and in a second it concerns itself with the search
S ol Bu - ie.ph for bulky electron poor tertiary phosphine ligands, a class
] o ey of phosphines for which not many representatives have been
2100 - ‘P: ' »"‘\;le synthesised.

The most obvious candidate for such theoretical studies
is [Ni(CO)sL] itself, the TEP scale. A series of [Ni(Cgl)]

00 4L
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

VCO[Mo(CO) L] complexes has been calculated recently by Clot and cowork-
ers[23] using density functional theory (DFT) at the B3PW91
Fig. 3. Correlation of calculated data toans [Rh(CO)CILz] with the Crab- level. The correlation between experimental and calculated

tree scale; 95% confidence limit shown by dotted line {¢mn data are excellent, but the expense in terms of computing
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Table 2

Correlation between TEP and several experimentally determined series of transition metal carbonyl comptejes (cm

Complex Correlation References
[CpV(CO)L] 0.885vCOy + 338;R=10.977 [7]

[Cr(COXkL] 1.075vCO¢r — 150;R=10.889 [2,7,130,131,138]
[ArCr(CO),L] 0.933vCO, +272;R=0.992 [7]

[MesCr(CO»L] 0.716 vCOc( + 720;R=0.979 [7

[Mo(CO)sL] 1.116vCOwmo — 243;R=0.858 [4,7,132,138,143]
cis-[Mo(CO)4(L-L)] 0.593vC0Oy + 871;R=0.996 [20]
fac-[Mo(CO)sL3] in toluene 0.359COy0 + 1369;R=0.985 [4,131,139]
fac-[Mo(CO)sL3] in THF 0.358vCOp1p + 1374;R=0.962 [146]

[W(CO)sL] 1.334vCOWw — 696;R=0.947 [2,7,135-138,142]
[CpMN(COpL] 0.711vCOyp, + 692;R=0.970 [6,7,31]
[Fe(COxL] in CHCI3 0.576vCOre + 893;R=0.799 [140,141,144]
[Fe(CO)L] in toluene 0.934COpe + 152;R=0.891 [7,133,134,145,147]
trans[RhCI(CO)Lp] 0.226vCOrp + 1621;R=0.926 [21,115,140]
[Rh(CO)(acac)L] 0.535COrp + 1012;R=0.981 [22]

Ar: terephthalic acid dimethyl ester; Mes: mesitylene; (L-L): two tertiary phosphines or one bidentate chelate phosphine.

time is rather prohibitive for routine predictions of electronic calculated from their force constants using simple molecular

properties of prospective phosphorus ligands. mechanics models and programmes. A quarter of a century
More time efficient methods are available. Pittard and ago, Timney[148] introduced a method to predict the car-
coworkers have calculated a series of W(glO)and bonyl stretching frequencies in transition metal compounds

Mo(CO)L [25] complexes utilizing the PM3(tm) semi- based on ligand effect constants. He calculated the force con-
empirical Hamiltonian, thereby significantly reducing the stants with the approximate Cotton—Kraihanzel force field
computing time for each ligand. The correlation with TEP (CKFF) [4,15,17]using a technique known as “energy fac-
values is very good. However, the method is not reliable for toring”. Although this approach is very simdle51,152] the
nickel [150]. Hence, theoretical research needed to focus onresults are surprisingly accurate.
other systems, preferably incorporating catalyst metals. Cun-  Other studies wanted to quantify thedonor and ther-
dari and coworkers fulfill this need by embarking on the study acceptor contributions of the ligand, preferably phosphines.
concerningrans[Rh(CO)CILy] complexeq24]. The study In the 1960s, semi-empirical molecular orbital calculations
proves that the electronic properties of a prospective phos-were used to this ed53]. Although computational restric-
phorus ligand can be calculated with reasonable effort usingtions did not permit accurate results, these studies paved the
Rh-Vaska complexes. way to today’s far higher levels of theory. One potent method
Table 3shows that data calculated at the PM3(tm) level are is the quantitative analysis of ligand effects developed by
less accurate than that calculated at the B3PW91 level of the-Giering et al[27,70,76—78bver the last two decades. QALE
ory, a finding that could be expected. Likewise, experimental relates several physicochemical parameters to the stereoelec-
data are usually more accurate than calculated one, unless itronic properties of ligands. Another approach is to systemat-
was calculated at the B3PW91 level. It has to be mentionedically analyse the MP bond length through theoretical cal-
though that for the three examples where both theoretical andculations exploiting the observation that ligands with good
experimental data are available, the situation is significantly w-acceptor properties display shorter bond lengths than pure
different. Whereas for [W(CQ@).] and trans[Rh(CO)CIL;] o-donorg149,154-159]However, the method is not always
the R values are almost identical (0.947 and 0.951 for W reliable as the example of the-B bond shows where the
and 0.926 and 0.914 for Rh), the theoretical data are moreweaker bond can display the shorter bond lerig€h50]
accurate than the experimental one in case of [MogCD) But none of these methods meets the ideal criterion of
(0.952-0.858). the practical minded chemist to provide a fast and reliable
There still remains the question whether DFT methods are method to calculate directly the electronic properties of the
indeed necessary. After alCO stretching frequencies can be ligand itself.

Table 3

Correlation between TEP and several calculated series of transition metal carbony}$ (cm

Complex Correlation Method Reference
trans[Rh(CO)ClIL] 0.3909vCOgp, + 1238;R=0.914 PM3(tm) [24]
[W(CO)sL] 2.016vCOy — 2257;R=0.951 PM3(tm) [25]
[Mo(CO)sL] 2.110vCOy — 2508;R = 0.952 PM3(tm) [25]
[Ni(CO)sL] 0.9572vCOp; + 4.081;R=0.996 B3PW91 [23]
[CPRh(CO)L] 0.983yCOgp, + 12.20;R = 0.912 PM3(tm) [25]

[Ni(CO)sL] 0.880Vpin + 2099:R = 0.973 MESP [28]
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9. Molecular electrostatic potential (MESP)[160,161] and plays a central role in the density functional theory DFT.
Therefore, the MESP is not an alternative to DFT dependent

It is worth remembering that the TEP is the sum of the theoretical methods, but can be seen as one of the tools in this

o-donor ability andm-acceptor strength of a given tertiary rapidly growing trade.

phosphine. Tolman has used the most basic phosphine known In a recent review, Politzer and Murray give a summary

at the time P(Bl)3 as the zero point of his scale. He also on the usefulness of MESP in determining nucleophilic ar-

stated that his corrective factor, the substitution contribution eas and centres in molecules and to quantify their reactiv-

xj correlates excellently with thea’s of the corresponding ity [163]. Particularly instructive for our purposes are the

phosphonium ionfl8]. With other words, there is an excel- sections on hydrogen bondif@67-169]and the basicity

lent correlation between the basicity of a phosphine and its of amines. Here, the authors demonstrate how the hydrogen

TEP value. Following this argument one only has to calculate bond acceptor strength can be calculated using MESP. As a

the K, of an unknown phosphine in order to predict its TEP hydrogen bond acceptor is nothing else but &rBtedt base,

value. That means that it is principally possible to predict the this is equivalent to calculating thé&g for this nucleophilic

net donating ability of phosphines without the involvement of centre.

transition metal atoms. However, the correlation is not abso-  Excellent correlation between measurdé,p and cal-

lute as the 5 values are subject to a certain steric influence culatedVyin values becomes even more apparent if MESP

[34,66] experienced by very bulky substituents. studies on azines, aliphatic amines, substituted pyridines and
Recently, Suresh and Koga have claimed that the molecu-aniline derivatives are considergid70,171] For all these ni-
lar electrostatic potential (MESP) expressed/as, consti- trogen containing nucleophiles, thg,i, for the respective

tutes a method to calculate th€O value of transition metal  ring or amine nitrogen atoms has been shown to be a good
carbonyl complexes using thénin to quantify the nucle-  measure for thel,.

ophilicity of the phosphorus centf28]. Giering, Prock and Having demonstrated that MESP can indeed be used to
Fernandez have refuted this clait®2]. The article by Gier- calculate the K5 and thuCO of a nucleophilic ligand, one
ing et al. deals mainly with the question whether the MESP might be surprised why there shall be a controversy in the lit-
correlates correctly to quantities lil2, AH® andAS in the erature as to its applicability in determining the net donating

electrochemical reaction: ability of phosphines. Suresh and Koga claim excellent cor-
B relation between th¥n;, of a phosphine and the frequency

[Cp(CO)(PR)(COMe)Fe] + e of the vCO band of the corresponding transition metal car-
N [Cp(CO)(PR,)(COMe)Fej’ (6) bonyl compleX28]. Giering et al., however, claim that such a

correlation is not permissible since one can distinguish three
families of phosphines (alkyl, aryl and phosphite) that each

As this paper is concerned with the net electron donating correlate separately with the respecti@O band162].
ability of phosphines we will not enter into the discussion A full QALE analysis[162] on the MESP data provided
and concentrate on the quantitieSO and X, instead. As by Suresh and Kogi@8] reveals inaccuracies E° and AH®
has already been stated previously, an excellent correlationdue to dependencies of these parametetis Bg, andmp not
betweenyCO of [Ni(CO)L] and the K, of the correspond-  accounted for by the MESP method employed. If, however,
ing phosphonium ion can be demonstrafgd]. Thus, it is the correlation with TEP is investigated and this correlation
sufficient to demonstrate that MESP can be used to calculatelies at the heart of the present review article, one detects three
the [Kj, if the steric influence on theiy is neglected. closely spaced parallel lines roughly representing the first

The electrostatic potential of a molecule is a real phys- three ligand classes described by Strohmeier. Treating the
ical property and can be determined experimentally by data as one straight line introduces a systematic, but fairly
X-ray diffraction techniques or calculated computationally small, error that by no means invalidates the whole method.
[163—166] The MESP has its origin in the charge distribution Thus, the utility of MESP does not lie in the replacement of
within the molecule. The backbone is formed by the atoms existing methods based on available experimental data, but
whose nuclei are the centres of positive charge. The electrondn the easy, fast and inexpensive method of collecting data
(corresponding negative charge) are distributed around thesdor uncommon or unknown ligands. The trade off is a certain
nuclei occupying their respective orbitals. Thus, local min- inaccuracy in the net electron donation value for individual
ima Vmin of the MESP indicate centres of negative charge on ligands. As the correlation between TEP and the MESP is
the molecule. These are quite frequently electron lone pairs.high despite its theoretical shortcomings, this is more than
The absolute value of these minima can serve as a measuracceptable.
for the reactivity of the respective nucleophilic centre and
hence for quantities such as th€gor the donor ability.

The electrostatic potential(r) is closely related to the  10. Relation to other parameters
total charge densitp(r) through the Poisson equation:

The article by Clot and coworkef23] discusses the cor-

V2V(r) = —47D(r) (7) relation of their computationally derived ligand electronic
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parameter CEP with the TEP, the Lever electronic parame-today’s improvements in computer power at the PC level,

ter LEP[172,173]and the Hammett parameter,. The LEP
is based on the electrochemid#l value for various redox

these differences are rapidly becoming irrelevant.

Thus, the choice of theoretical method rests with the in-

couples where the transition metal complex comprises the lig- vestigator and is open to choice dependent on such criteria as
and of interest. The Ru(lll)/Ru(ll) couple is the best known individual preferences, software availability, or locally exist-
example. The Hammett parameters describe the substituening routines and knowhow.

dependent change of acidity @, m-, p-substituted benzoic
acids, respectively.

Clot et al. were surprised to find an excellent correlation Acknowledgements

between the CEP (TEP) and tlhg, Hammett parameter.
This excellent correlation is maybe not so very surprising

| thank three anonymous referees for their valuable com-

if one considered that Tolman already found that the TEP ments.

correlates very well to thely, values of the corresponding
phosphonium ions and that the definition of the Hammett pa-
rameter is closely related to th&p value of the defining
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