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Thermodynamic data are reported for intermolecular hydrogen-bonding association of 1 and 2 equiv of phenol
with [1,3-bis(diphenylphosphino)propane](phenylethane-1,2-diolato)platinum(ll) ((dppp)Pt(Ped)) in dichloro-
methane solution:AH; = —7.0 + 0.1 kcal/mol,AH; = —7.7 £ 0.4 kcal/mol,AS, = —11.3 £ 0.4 eu, and

AS = —17.8+ 1.2 eu. For comparison, the thermodynamics for hydrogen bonding of phenol to triphenyl-
phosphine oxide in dichloromethane were also determindd® = —5.1 4+ 0.3 kcal/mol;AS* = —8.8+ 1.0 eu.
Competitive coordination exchange reactions have been used to determine the apparent intramolecular hydrogen
bond strengths in (dppp)Pt(1R2;0'-glycerolate) and (dppp)Pt(1Q;0'-butane-1,2,4-triolate) in both dichlo-
romethane AG313 = —2.05+ 0.05 and—2.52+ 0.06 kcal/mol, respectively) and pyridinAG313 = —0.62 +

0.03 and—0.82+ 0.03 kcal/mol, respectively). Based on these findings, the role of hydrogen-bonding interactions

in determining the regioselectivities of complexation of carbohydrates to diphosphine Pt(ll) is discussed.

Introduction 7)

We have recently shown that good regioselectivity, a key Ph l;h He.., ..+H
issue in carbohydrate chemistry, can be achieved in the P O /O e
complexation of sugar alcohols to the metal fragment (diphos- N
phine)platinum(ll), e.g., 92% selectivity for formation of (dppp)- /P‘\ OH
Pt(3,4-mannitolate) (Figure 1, dppp1,3-bis(diphenylphosphino)- p 0=
propane). Spectroscopic and structural studigsimplicate Ph/ : | .0
strong, multipleintramolecularhydrogen bonds as significant Ph H-

contributors to these selectivities. To better evaluate the role Figure 1. Schematic of X-ray structure of (dppp)Pt(3,4-mannitolate).

of hydrogen bonding in determining carbohydrate complexation

regioselectivities, we have undertaken a detailed study of the hydrogen bonds. Information on these interactions will assist
thermodynamics of both inter- and intramolecular hydrogen in the development of metal-catalyzed reactions of carbohydrates
bonding in model (diphosphine)platinum(ll) diolate complexes. that can effect regiospecific syntheses of carbohydrate deriva-
In particular, we wished to compare the strengths of these tives or the production of oxygenated orgarfics.
hydrogen-bonding interactions with other regioselectivity- . )

determining factors and to explore whether intramolecular Results and Discussion

hydrogen bonding in Pt(ll) carbohydrate complexes could  Background. The interactions of simple metal ions and their
compete with intermolecular hydrogen bonding of the carbo- inorganic coordination complexes with carbohydrate substrates

hydrate hydroxyls to solvents such as pyridine. have been extensively explored Recent X-ray structural and
The studies reported here offer significant improvements over NMR spectroscopic studies conducted by thefiie and
most prior investigations of intermolecular alcohahetal Chapelle et al? groups, respectively, are particularly definitive

alkoxide hydrogen bondintyincluding more definitive data  with respect to the regioselectivities involved. Such classical
analyses and determination of both first and second hydrogen-coordination complexes can effect a limited range of carbohy-
bonding association constants. Furthermore, the ability of thesedrate transformations, one of the most striking being aldose
Pt(Il) diolate complexes to undergo facile dialiolate exchange  epimerization, which actually involves interchange of C1 and
has allowed us to implement a novel approach to the normally C21112 Qur study of the complexation of alditols to (dppp)-
difficult problem of quantifying the strength of intramolecular Pt'1 has begun to extend these inquiries to organotransition
metal complexes, the types of metal centers known to serve as
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effective homogeneous catalysts for a much broader range of Ph Ph
organic transformatior’$. This is illustrated by our recent report g

P
of the deoxydehydration of diols and polyols to alkenes \ /O H’O Ko
catalyzed by (EMes)ReQs.5 Pt + . il
While good regioselective complexation was observed in the P/ \O '-O
|
MeO (0]
H

Pt alditol system, understanding the origin of these regioselec- 7\

tivities is complicated by the multitude of contributing factors. Ph Ph

These include not only axial vs equatorial substitution on the

dioxaplatinacyclopentane, as manifestethireovs erythrodiol Pl\l ,Ph

complexation preferences, but also strong intramolecular hy- P O 0
drogen bonds between “spectator” hydroxyl groups and the \Pt/ H’
/ \ o
/P\ O'. (l)
H—0

H...

platinum diolate oxygens. These hydrogen-bonding interactions

can take the form of five-, six-, or seven-membered rings, all

sometimes observed within the same complex as seen in (dppp)- Ph Ph
Pt(3,4-mannitolate) (Figure 1). The present studies were H
designed to explore some of these factors in more detail. The

strategy chosen was to first quantify the inherent hydrogen bond Ph Ph

acceptor strength of a typical Pt(Ill) diolate complex and to N/
calibrate against other common hydrogen-bonding systems. This \ / /
has been accomplished by conducting temperature-dependen Pt + H
equilibrium constant determinations for intermolecular hydrogen P/ \ ~
bonding of phenol with triphenylphosphine oxide and (dppp)- 7\ |
Pt(phenylethane-1,2-diolate) ((dppp)Pt(Ped)) (eg8)l The Ph Ph H..,

Heeo g
Me (4)

PhsP=O + PhOH Ph3P=0 e+ HOPh ) Ph Ph

P 6} O
\ / ’
Ph Ph Ph Ph +HOPh Pt + 1
\P/ o \P/ O.- / \ .
\Pt/ + PhOH il \Pt/ 2 A O’- ?
/N /N @) Ph Ph o H..
P07 P07 Ty :

7\ 7\
Ph Ph Ph Ph Me (5

below 6 mM18 Phenol is also a sufficiently good HBD that

PG P o 75—95% of the full hydrogen bond titration curve (vide infra)
\/ K, \ / can be obtained at reasonably low acceptor concentrations

<: VAN :L + PhOH <: FaN :L ©) ([Pt]max < 20 MM, [OPPH]max < 0.3 M). Triphenylphosphine
RO Ph R Q Ph oxide was chosen as a HBA comparison reference for the present

studies since it is well-known to be one of the strongest neutral
hydrogen bond acceptot’.

second step utilized dieldiolate equilibrium exchange reactions The ch_(IJ_ice I(')f plgtinum rc]:omplefx V\;]as ”‘gfe difficult. The
with diols containing a pendant “spectator” hydroxyl group at dPPP auxiliary ligand was chosen for the studies since our most

different distances from the diol unit to examine intramolecular EXt€nsive set of carbohydrate complexation data is available for

hydrogen bond strengths as a function of both hydrogen bond this Series of complexés.Aside from adequate solubility of
ring size and solvent (eqs 4 and 5). the HBA, the other compelling criterion is that the HBD

Intermolecular Hydrogen Bonding. (a) Experimental molecule, in this case phenol, must not undergo dielpteenol
Design. Hydrogen-bonding studies of organic systems have exchange reactions at the concentrations used for the hydrogen-
typically utilized the “noninteracting” solvent carbon tetrachlo- Ponding studies. For example, (dppp)Pt(ethane-1,2-diolate) was

ride1415 Dichloromethane was chosen for the present studies observed to undergo partial conversion to (dppp)PY@Bh)
since it provided necessary solubility characteristics for the treatment with a modest excess of pheffollhe more electron-

platinum hydrogen bond acceptor (HBA) complexes, while still  d€ficient diol, phenylethane-1,2-diol (Peg)has a factor of 8
having minimal competitive hydrogen bond donor/acceptor P€tter binding constant to (dppp)Pt than does ethane-1,2-diol.
properties of its owA® Phenol was chosen as the hydrogen This proved_ adequate to prevent significant phenol exchange
bond donor (HBD) since it is a common literature benchmark from occurring; hence (dppp)Pt(Ped) was se!ected for study.
for ranking hydrogen bond acceptors. While it is known to (Exchange could also be circumvented by using a diol as the
undergo complicating self-associatibtthis can be eliminated, ~ Probe molecule, e.g., ethanediol with (dppp)Pt(ethanediolate),
even in nonpolar media, by working at phenol concentrations whe_re excha_mge IS a degenerate reaction. This course was
decided against as diols are not nearly as well calibrated as

(13) Parshall, G. W.; Ittel, S. Homogeneous Catalysis: The Applications Phenol as hydrogen bond donors.) '
and Chemistry of Catalysis by Soluble Transition Metal Complexes;  Intermolecular hydrogen bond strengths can be determined

Ph ph  .-HOPh Ph Ph-HOPh
N/ .. N/ R

7"\ ’ .
Ph Ph Ph Ph
HOPh

" ﬁlﬁrtﬁd-:/l/v“sey’:\‘ Ns\éongkngRzZ- |. Spectrosc. Re 1068 2, 66— by titrations, which can be monitored, e.g., by calorimetry or
(14) Tog A= e a0 B T FAPRL 5P : ’ by NMR or IR spectroscopied:1520-22 Thermodynamic studies
(15) Joesten, M. D.; Schaad, L. Hydrogen BondingMarcel Dekker,

Inc.: New York, 1974. (18) Aksnes, G.; Gramstad, Acta Chem. Scand.96Q 14, 1485-1494.
(16) Kamlet, M. J.; Abboud, J.-L. M.; Abraham, M. H.; Taft, R. \4. (19) Cook, G. K. Unpublished observations.

Org. Chem.1983 48, 2877-2887. (20) Pimentel, G. C.; McClellan, A. LAnnu. Re. Phys. Chem1971, 22,

(17) Gramstad, T.; Becker, E. J. Mol. Struct.197Q 5, 253-261. 347-385.
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based on OH stretching vibrations in the infrared have often
been used, but careful attention to methodology is required, i.e.

Andrews et al.

A number of methods are available for analyzing monoas-

,sociation hydrogen-bonding titration data with respect to the

use of integrated, temperature-dependent extinction coefficients,dqps€quation, the simplification of Scatchatthaving been used
and often deconvolution of overlapping bands due to the free for most prior related studies of alcohahetal alkoxide
and bound species, which may each also exhibit multiple peaksinteractions?’-31 aside from a couple calorimetric studiés?

due to different rotational conformers or overtones of other The relative merits of several of these methods, and factors to

vibrations?%23 The need to work at high dilution, to avoid

be considered in their application, have been discussed in some

complications due to phenol self-association, favors the use of detail 3 including complications due to multiple equilibidé,

high-sensitivity!H NMR. Furthermore, changes in NMR OH

such as those potentially present here. Key issues in the use of

chemical shifts due to hydrogen bonding, though exchange a Scatchard plot are (1) the need to work at high HBA to HBD
averaged, are readily and accurately quantified; therefore, thisratios to permit the approximation that [HBA} [HBA -HBD]

method was selected.

(b) Data Analysis. In the 'H NMR method, the chemical
shift of the phenol OH proton is monitored as a dilute phenol
solution (~6 mM) is titrated with a concentrated solution of
the hydrogen bond accepter@.5 M for OPPh, ~25 mM for
Pt). The observed exchange-averaged OH chemical 8hit,
at each point in, e.g., the EPO titration (eq 1), is given By

Sops= O[PhOHJ[PhOH],, + ,[Ph,PO-PhOH]/
[PhOH],, = 6, + Ad,[Ph;PO-PhOH])/[PhOH}, (6)

whered, is the chemical shift of free phendl; is the limiting
chemical shift of the OH proton in the FPO-PhOH adduct,
[PhOH}ot = [PhOH] + [PhsPO-PhOH], andAd1 = (01 — do).
The equilibrium constant expression for eqKh, = [PhsPO
PhOH]/[PRPO][PhOH], can be solved for [BRC-PhOH] in
terms ofK;, [PhePOlo, and [PhOH}:. Substitution of this
expression into eq 6 gives a quadratic equationdigs as a
function of three knowns, [RRO}et, [PhOH}e, andd,, and
two unknownsK; and Ad; (see Appendix}>25

Similar definitions and equations can be written for the Pt
system (eq 2), except that a second equilibrium conskant,
and limiting chemical shiftd,, corresponding to eq 3 were
ultimately needed (vide infra).
exchange-averaged phertbl NMR OH chemical shift can be

~ [HBA], (where [HBA}, is the total concentration of all HBA
species), (2) the need to cover a wide range (“at least ¥%”"
of the theoretical span of 0-1.0 of the “saturation factor”,
i.e., the ratio of [HBAHBD]/[HBD],, in order to look for
deviations from 1:1 complexation and other nonideal behaviors
such as HBD dimerization, and (3) the fact that much larger
errors arise at low<0.2) and high £0.8) saturation ranges.
Prior studies of alcohetmetal alkoxide interactions have
suffered from serious deviations from these criteria, i.e.,
situations where the data reported indicate that [HBBD] ~
0.5[HBA]?82° or that the saturation factor ranges covered by
the four to six data points are only 0:20.53 or 0.53-0.76 at
best’to 0.98-1.00 at wors2® Another matter of some concern
is self-association of the HBD since this is not discussed in
these articles and in some cases [HBB]50 mM 2829which
is above the concentration at which self-association can usually
be ignored. Also apparently overlooked in these prior metal
alkoxide hydrogen-bonding studies are corrections for temper-
ature effects on concentrations, which for dichloromethane
amounts to 7% over the range 27820 K (see Experimental
Section). Failure to correct for this can lead to comparable-
sized systematic errors iNH®.2

We have addressed these issues in the present study in several

In this case, the observed ways. First, titrations were conducted over as large a middle

fraction of saturation factor as readily accessible, i.e., from

expressed as the sum of the mole percent of each of the three~0.2—0.9 for OPPB + PhOH and, for (dppp)Pt(Pee) PhOH,
phenol species present at equilibrium (PhOH, (dppp)PtéPed) from ~0.1—0.85 for low-temperature runs and fron0.1-0.75

(PhOH), (dppp)Pt(PedPhOH)) times their corresponding
chemical OH shiftsg,, 01, andd,, respectively. The concentra-

for high-temperature runs. Second, we attempted to minimize
multiple association phenomena involving both phenol aggrega-

tions of the three phenol species are in turn derived from the tion and formation of (dppp)Pt(PedPhOH) species by work-
equilibrium constant expressions for eqs 2 and 3 via a cubic ing at [PhOH]< 6 mM. For the Pt system described by egs 2
equation (see Appendix for details). These two equations haveand 3, the equilibrium constant expression for eq 3 can be
a total of three knowns (the total phenol and Pt concentrations rewritten as in eq 7:

[PhOH], and [Pt}, and the free phenol chemical shiff), two
linear unknownsAd; = 6; — 0o andAd, = d, — o) and two
nonlinear unknownsK; andKy). (It should be noted that the
chemical shiftd; is actually a weighted average of up to four

[Pt-(PhOH))/[Pt-(PhOH)]= K,[PhOH] (7

hence, a low [PhOH] will also minimize formation of (dppp)-

isomeric monophenol hydrogen bonded adducts, i.e., one with Pt(Ped)(PhOH). Third, we used nonlinear least-squares fits

phenol bound to the Pt diolate oxygen adjacent to the §blup

of sets of 8-20 titration data points to the exatd,sequations;

and one with phenol bound to the Pt diolate oxygen adjacent to thus, we did not need to resort to approximations such as those

the CHPh group, each of which can have the phesyol or
anti to the diolate phenyl group. The chemical shift is
similarly a weighted average of isomers. The derii€d,
AH®'s, andAS’’s are therefore also isomeric averages.)
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Figure 2. Van't Hoff plot for phenot-triphenylphosphine oxide b
hydrogen bondingAH® = —5.1 + 0.3 kcal/mol andAS’ = —8.8 +
1.0 eu.

Table 1. Hydrogen-Bonding Association Constants and NMR [~ P O K

Complexation Chemical Shifts for Phen¢l Triphenylphosphine E 0 ( ‘P(' :L )

Oxide in CDCl, z | p’ ‘0= ~p, *PhOH 1
T/IK do/ppm Ad/ppm Kus/M 1 i sk i
263 4.96 5.28t 0.01 215+ 6 S HOPh HOPh
264 4.93 5.32+ 0.01 185+ 6 s T
275 5.03 5.17: 0.01 158+ 5 g Ko K, P 0
285 4.86 5.3 0.01 93+ 3 xE ¢ C P, 1 P 1 1
298 4.93 5.22+ 0.01 66+ 2 P O~ ~pn *PhOH P O ph
298 4.82 5.34+ 0.01 65+ 2 3 "orn ]
298 4.82 5.24+ 0.02 75+ 3 W
307 4.79 5.33: 0.01 52+ 1 0000 0002 0004 0006 0008 0010 0012 0014 0016 0018
307 4.85 5.36t 0.01 47+ 1

((dppp)Pt(Ped)] (M)

above. For the system OP£h PhOH (eq 1), this was readily ~ Figure 3. Fit of phenok-(dppp)Pt(Ped) hydrogen bond association at
accomplished using either the commercial KaleidaGraph pack- fﬂfﬁl KAESO (ag 3 S'ngl)e e?ju('g?rluy ct?lnstant mOtC}'el (eq(lj@I[((: 51201 a3
5 7 3 P - = 0./ ppm) an a double-association model (egs Z an
age® or custom routines written for MatLa3. The resultl_ng (Ko = 18434 113 M3, K = 225+ 25 ML Ad, = 6.90 ppm. and
least-squares optimized equilibrium constants, complexation OH _
- . . . Ad, = 6.13 ppm).

chemical shift changes, and their Monte Carlo estimated errors
(vide infra) are listed in Table 1. The corresponding van't Hoff
plot and derived hydrogen-bonding enthalpy and entropy
parameters are given in Figure 2.

_For the Pt system, initial attempts to treat the system as @ pift by IH NMR. The use of*P NMR would have required
single-association problem (eq 2 only) gave reasonable fits bUttitr ting the Pt complex with added ohenol. inevitably leadin
the plots showed small but systematic deviations between the ating the 1t compie added phenal, inevitably leading

observed data points and the calculated curve, especially at lowf© solution concentrations where phenol self-association would
temperatures (cf. Figure 3a) Furthermore’ whin was interfere. WithH NMR, the titration is done in the opposite

included as an unknown in this single-association model, the Manner; hence, the phenol concentration can be kept essentially
resulting fitted value ofd, was farther downfield than that flxed_atglow value, further facilitated by_ the significantly hlgh_er
experimentally observed. The errors in fitting the observed data SenSitivity of'H over®!® NMR. Thus with more data analysis
to this single association model were consistent with significant €ffort, it appeared that it might be possible to extract béih
contributions from the doubly associated species (dppp)P#Ped) andKsfrom theH NMR Pt—PhOH titration data. We therefore
(PhOH) (eq 3) being present, despite attempts to minimize its €Mmployed MatLab least-squares routines to simultaneously fit
formation by appropriate experimental design. the linear variable\d; and Ad; in the equation fodops (€q

This finding was not completely unanticipated based on A5 in the Appendix) together with the nonlinear variables
preliminary experiments using}P NMR instead ofH NMR andK; corresponding to the dual equilibria defined by eqs 2
to monitor the hydrogen-bonding titration curv&. Such31P and 3 (see Appendix). The resulting temperature-dependent
NMR experiments offered the advantage of multiple “ob- equilibrium constants and calculated shifts on complexation are
served’s” (i.e., twc?lP chemical shifts for the nonequivalent P listed in Table 2a. Figure 3b shows the improved fit to the
atoms in (dppp)Pt(Ped) and two-fR coupling constants), titration data. In order to assess the validity and quality of these
which in some cases also exhibit shifts of opposite signs for multiparameter fits, a Monte Carlo error analysis routine was
the primary and secondary association (cf. the titration plot also implemented in MatLab (see Appendix), giving the results
also included in Table 2. This analysis accounted for both
systematic errors in the starting Pt and PhOH stock solutions
(£2%) and for subsequent random syringing erratsd%)
during the titrations.

shown in Figure 4 of ref 1). Despite the obvious data-fitting
advantages of this approach, it was ultimately rejected in favor
of monitoring the single observed change in phenol OH chemical

(35) Abelbeck Software, distributed by Synergy Software, 2457 Perkiomen
Ave., Reading, PA 19606.

(36) The Math Works, Inc., 24 Prime Park Way, Natick, MA 01760.

(37) Voss, E. J.; Brunkan, N. M. Unpublished observations.
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Table 2. Hydrogen-Bonding Association Constants and NMR 315 K 270 K
Complexation Chemical Shifts for Phenel (dppp)Pt(Ped) in 8.0 T T T | E— | p—
CD.Cl,

(a) Fit tOAél, A(Sz, K], andKz Kl

= —
TIK  ddppm  Ad/ppm  Ads/ppm Ky/M™1 Ko/M—1 70
2669 489 6.90.01 6.1+0.3 1843+113 225+25
2669 489 691 0.01 5.8+0.2 183964 245+ 19 6.0 | -
279.8 486 6.86:0.02 6.7+0.4 891+ 42 103+ 11
2804 486 6.860.02 6.5+0.3 955+ 34 121+ 14
298.0 482 6.930.05 9.5+3.7 368+ 29 28+ 11
298.0 482 6.7%0.04 6.0+0.7 4764 48 48+ 11
307.2 479 6.74-0.05 59+1.7 328+ 29 43+ 13
307.2 479 6.680.03 4.7+0.4 381+ 22 78+ 16 40 F -
320.8 4.76 6.86:0.42 17+2020 173+53 8+ 24
320.8 476 6.820.16 21+126 177+ 31 54+ 17

50 F -

In Kn

(b) Fit to Ads, Ks, andKs; Ad; Fixed at 6.0 3.0 K, .

T/IK Aéllppm KyM~1 Ko/M~1
20 1 1 1 1 1 1

266.9 6.90+ 0.01 1903+ 69 240+ 29
266.9 6.90- 0.02 1799+ 51 220+ 29 0.0031 0.0033 0.0035 0.0037
279.8 6.86+ 0.02 9644 27 136+ 20 1T
280.4 6.80+ 0.02 989+ 26 147+ 15
298.0 6.86+ 0.02 4214+ 12 544+ 6 Figure 4. Van't Hoff plot for phenot-(dppp)Pt(Ped) hydrogen-bonding
298.0 6.714 0.03 476+ 19 48+ 6 interactions: AH; = —7.0 £ 0.1 kcal/mol,AH3 = —7.7 + 0.4 kcal/
307.2 6.74+ 0.03 326+ 12 42+ 4 mol; AS, = —11.3+ 0.4 eu,AS = —17.84+ 1.2 eu.
307.2 6.70+ 0.03 343+ 13 43+ 6
320.8 6.71+0.05 199+ 9 22+5 of a wide variety of hydrogen bond acceptors shows that
320.8 6.68+ 0.04 199+ 8 18+ 4

triphenylphosphine oxide(= 0.94) is one of the strongest
HBAs, even better than amides, amines, and sulfoxiges (
0.6-0.8). A previous study of hydrogen bonding of phenol
with OPPHRh in carbon tetrachloride solution by near-infrared
spectroscopy gaviéng = 1055 M1 at 293 K8 a AH° of —6.7
kcal/mol, and aAS of —8.7 eu3®* Our values in dichlo-
romethane solutionkZ> = 71 M1 (calcd), AH® = —5.1 +
0.3 kcal/mol, andAS* = —8.8 + 1.0 eu, correspond to weaker
association, probably resulting from stabilization of the reactants
by the more polar solved®:** A very similar solvent difference
has been seen for hydrogen bondingpefiuorophenol with
triphenylphosphine oxideK?98 = 1456+ 80 M1 in carbon
tetrachloridé? and 80 M in dichloromethané?!

For the low-temperature daté € 267 and 280 K), it is clear
that all four parameters are meaningfully fit10% error), but
at higher temperatures (e.g., 321 K), the fikefand especially
Ao, becomes meaningless. This is not surprising since at low
temperatures it can be shown from eq 7 and the valud§ of
and [PhOH] that roughly equal quantities of both (dppp)Pt-
(Ped)(PhOH) and (dppp)Pt(PedPhOH) are present for the
early titration data points, thereby readily allowing all parameters
to be effectively fit. At high temperatures, whelg is much
smaller, there is now relatively little (dppp)Pt(P€&hOH)
present; hence it is not possible to Kt and Ad, separately.
This is because at these low degrees of associatioKfohe )
corresponding titration plot is essentially linear, precluding . compared to OPRhthe Pt diolate complex (dppp)Pt(Ped)
separate determination of the nonlinear component: thus only Ntéracts even more strongly with phenol, the first hydrogen-
the productK,Ad, can be meaningfully fit, 143 72 and 120 bonding association _constalm in dichloromethane being1
1 24 for the two 321 K runs. order of magnitude higheK (Pt) = 450 M1 vs Kyg (OPPh)

The observed temperature dependencesoand the well- =70 M*l at 298 K). This stronger association is due to a more
determinedAdy’s from 267-320 K are both small<0.2 ppm, negative ent_halp)i of associatidH; = —7.0+ 0.1 kcal/mol,
compared to the total shift on complexation ®6—7 ppm. compared withAH® = —5.1+ 0.3 kcal/mol for PBPO, making

Based on this observation, the two 267 K titration data sets werehiS Pt diolate complex among the strongest neutral HBA
fit varying all four unknowns Ki, Ko, Ad1, Ad;) and then all species. The entropy of associatidt§; = —11.3+ 0.4 eu, is

the data sets were refit varying oriy, K», andAds, keeping comparable to that of BRO (—_8.8i 1.0 eu). Related phenol
A9, fixed at the value of 6.0 calculated from the 267 K data adducts of several Pd phenoxide complexes have been reported

sets. This analysis resulted in the final equilibrium constant t© have similar association enthalpies4(to —7 kcal/mol);

data given in Table 2b. A test of the potential error in this While the electron-rich complex Rh(PMe(p-OCsHaMe) is
approach was made in which the 320 K data set was fit with a "ePorted to have pHOCsH.Me hydzrggen_-bondlng association
fixed Ad, value of 5.8. This gave values fdt, and K, that enthalpy of—14.0':i: 0.4_kcal/mo|. This latter result was
were within 1 and 3%, respectively, of those using the fixed obtained by calorimetry in 9yc|ohexane, the yalue depreasmg
Ad value of 6.0. The validity of this approach and the overall © —11.4 £ 0.5 kcal/mol in benzene, again showing the
quality of the hydrogen-bonding association constant data areSignificant effect of solvent on these interactions.

further demonstrated by the precision of the resulting dual van't A unique aspect of the present study is the accurate evaluation
Hoff plot for bothK; andK» (Figure 4). Attempts to carry out  Of both the firstand second hydrogen-bonding phenol associa-
analogous studies in pyridine were thwarted by the lack of a
significant phenol OH chemical shift change as a function of (39) Values from: Joesten, M. D.; Drago, R.55.Am. Chem. S0d.962

added platinum diolate complex concentration, presumably due ?:f* 53)17_3821 (derived fromKys values at 273 and 323 K given in

to competitive hydrogen bonding of the phenol to the neat (40) compare study of solvent dependence of hydrogen bonding between

pyridine solvent. phenol and pyridine: Spencer, J. N.; Andrefsky, J. C.; Grushow, A;
(c) Hydrogen-Bonding Thermodynamics. An extensive ngz‘d"l; Patti, L. M.; Trader, J. B. Phys. Chentl987, 91, 1673~
e N ,
tabulatior® of the Kamlet and Taff scale of HBA basicitie® (41) Joris. L.: Mitsky, J.: Taft, R. WJ. Am. Chem. Sod972 94, 3438
3442,

(38) Kamlet, M. J.; Taft, R. WJ. Am. Chem. Sod 976 98, 377—383. (42) Gurka, D.; Taft, R. WJ. Am. Chem. Sod.969 91, 4794-4801.



(Diphosphine)platinum(ll) Diolate Complexes

Inorganic Chemistry, Vol. 36, No. 25, 1995837

tion thermodynamics for (dppp)Pt(Ped). The second associationKyg! This striking result contrasts with the situation found for

constani; is ~1 order of magnitude smaller than the first (cf.
Table 2). This decrease is due entirely to the more negative
entropy, AS, = —17.8 £ 1.2 eu, the association enthalpy
AH; = —7.7 + 0.4 kcal/mol being essentially identical to
AH3 (=7.0 &+ 0.1) within experimental error. This entropic
difference of 6.5 eu is significantly greater than fRé 2 (1.4

eu) statistical difference expected due to the availability of two
Pt diolate oxygens for the first interaction but only one for the
second interaction (assuming that hydrogen bonding of two
phenols to a single Pt oxygen is significantly less favorable than
to two different oxygens). A statistical factor &1In 4 (2.8

eu) is possible if the second phenol association must be
correlated with the first, e.g., one phenol above the diolate

the association of phenol with various classes of organic bases,
for which tabulations show that 0.4 m < 3.32 (and—6.8 <

b < +5.4)78 hence theAH° coefficient (t-mT) is positive at
room temperature for all these systems, implying an increasing
Kps with increasing hydrogen bond enthalpy.

Further examination of these tables reveals that not only are
AH° andAS’ linearly correlated within families of compounds
but that the constants for those correlations are correlated. Thus
a plot of mvs b for the data from Tables 4-18 and 4-19 of ref
46, together with the values oh and b for metal alkoxides,
can be fit to a straight line of the formn = 0.14 + 2.27 with
a correlation coefficient of 0.79 for 41 data points (Figure S1,
Supporting Information), correlation probability99.9%. The

metallacycle plane on one oxygen and the second phenol belowphysical basis of this secondary correlation is not immediately
the plane on the opposite oxygen. There may also be greaterapparent.

hindrances to phenyl group rotations in the bis(phenol) adduct,

Intramolecular Studies. (a) Experimental Design. Quan-

both in the associated phenols and the diolate and phosphinditative measurement of the strength of intramolecular hydrogen

ligands. This entropic difference id; andK, observed here
casts doubt on the assumption invoked in analysis of phenol
hydrogen bonding ttrans-Pd(L)(OPh} complexes thak; and
K> in those systems were eqi#l.The equivalence oAH; and
AH, is noteworthy, indicating that hydrogen bond formation at
one diolate oxygen has very little electronic effect on the other
diolate oxygert3

A linear enthalpy-entropy correlatiol2°has been reported
for hydrogen bonding of alcohols and late-metal alkoxide
complexes:AS* = mAH®° + b, wherem = 4.04 andb = 13.0
(AH? in kcal/mol; AS’ in eu)3! Using our observedH® values
for hydrogen bonding of phenol to (dppp)Pt(Ped) and this
equation, calculated entropy values & = —15 eu and
AS, = —18 eu are obtained. The latter is in excellent
agreement with the observeds; of —17.8+ 1.2. The former
differs from the observed value 6f11.3 4+ 0.4 eu by 4 eu.
This discrepancy is significantly greater than any of the other
data points in the literature plot (Figure 5 of ref 31), probably
due to the favorable two(four)-site entropic statistical factor
present in this diolate complex not accounted for by the standard
enthalpy-entropy correlation. (The literaturAS’/AH® cor-
relation includes an 4Pd(OPh) complex that might have a
similar favorable entropic factor, but this factor may have been
“removed” by the assumption used for analyzing the-Bldenol
adducts that the mono- and diaddi¢s were equal. This may
explain the observation that this data point is significantly off
the correlation line in the opposite direction.)

Substituting the linear expression f&S’ in terms of AH®
into the standard expressidG® = AH®° — TAS’ yields AG°®
= AH° — T(mAH°® + b) = AH°(1—mT) — bT (T in K/1000);
thus, for hydrogen bonding of alcohols to late-metal alkoxides
at room temperatureAG°® = —0.20AH° — 3.87. The small
magnitude of the coefficient cAH® indicates thatAG®, and
henceKyg, is almost insensitive to the enthalpic strength of the
metal-alkoxide hydrogen bondG° predicted to change by only
2 kcal/mol over the full 810 kcal/mol range of typical
hydrogen bond strengths. Thus, the strongédi°(= —8.3
kcal/moly* and weakest AH° = —4.1 kcal/mol¥®> metal-
alkoxide hydrogen bonds for which full thermodynamic data

bonds is much more difficult than for intermolecular hydrogen
bonds since it cannot be accomplished with calorimetry or
titration-type experiments. The magnitude of differences in
stretching vibration frequencies for free and intramolecular
hydrogen bonded OHs provides qualitative information on this
phenomenon, but quantification can be problen&i¢:*8 The
solution composition cannot be directly determined by integra-
tion of the corresponding IR bands since the molar extinction
coefficients cannot be independently measured, nor assumed
to be equal, and can only be estimated from model compounds,
requiring very careful attention to methodolo#y*° Rapid
exchange on the NMR time scale of free and associated OHs
precludes determination by NMR integration techniques at
normally accessible temperatures. Accurate characterization of
these weak interactions~@—10 kcal/mol) by quantum me-
chanical methods is also difficult for all but the smallest
molecules, and the effects of solvation are even harder to
compute??

The present system appeared to offer a unique opportunity
for examination of intramolecular hydrogen bond strengths based
on a complexation competition reaction between two ap-
propriately chosen diols, as illustrated in eqs 4 and 5. In dilute
solutions in nonHBA solvents<{(5 mM to avoid intermolecular
hydrogen bonding), both the free triol and its corresponding
monomethylated derivative would be expected to form two
intramolecular hydrogen bonds (though for glycerol there are
two statistical ways to do so). Making the defensible assump-
tions that the hydrogen bond acceptor strengths of an OH and
an OMe group are comparable within fractions of a kilocalorie
per molé! and that the inherent Pt complexation strengths of
the triol and its methylated derivative should be essentially
identical (again aside from the cancelling statistical factor of 2
for glycerol), the thermodynamics &€ (egs 4 and 5) then
correspond to those of formation of the intramolecular®t-H
hydrogen bond. In a HBA solvent such as pyridine, however,
the third, free hydroxyl group in the triol would be expected to
form an intermolecular hydrogen bond to the solvent (eq 8).
(The two intramolecular hydrogen bonds in the triol and
methoxydiol may be disrupted by intermolecular hydrogen-

have been reported (entries 1 and 6 in Table 3 and Figure 5 ofbonding interactions with HBA solvents, but these interactions

ref 31) haveKyg's that experimentally differ by only a factor

of 2. Furthermore, as suggested by the negative sign of the
coefficient of AH® in the empirical expression above, tlieaker
hydrogen bond (based okH) is observed to have tHarger

(43) Compare similar results for multiple hydrogen bonding-mydroxyl-
substituted benzoic acids: Shan, S.; Herschlagl. Buim. Chem. Soc.
1996 118 5515-5518.

(44) Pd(MeNCH,CH,NMe;)(Me)(OCH(CFR)z):HOCH(CF), in CDCls.

(45) Pd(MePCH,CH;PMe,)(Me)(OPh)HOPh in CLQCl>.

will cancel out in eq 8.) In this case, the reaction energetics for

(46) See ref 15, pp 247251.

(47) Tichy, M. Adv. Org. Chem.1965 5, 115-290.

(48) Aaron, H. STop. Stereochemi979 11, 1-52.

(49) See: Beeson, C.; Pham, N.; Shipps, G. J.; Dix, TJAAm. Chem.
Soc.1993 115 6803-6812 and references therein for recent studies.

(50) Cramer, C. J.; Truhlar, D. G. Am. Chem. S0d.994 116 3892-
3900.

(51) Tse, Y.-C.; Newton, M. D.; Allen, L. QChem. Phys. Letfl98Q 75,
350-356.
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Ph Ph Table 3. Relative (dppp)Pt(Il) Complexation Constants at 313 K
N/ for HOCH,CHOH(CH,),.CH,OR (R= H vs R= Me)

\ / / Kl Krer derived from  Kie derived from AG®
o solvent Pt(diolate)+ triol  Pt(triolate)+ diol  (kcal/mol)

CD.Cl; 27129 2528 —2.05+£0.05
CD.Cl, 52/62 55/63 —2.52+ 0.06
pyridine 27+0.1 27+0.1 —0.62+ 0.03
pyridine 3.80+ 0.04 3.7£0.1 —0.82+0.03
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Ph Ph aThe two values foK. are based on limiting assumptions with
N/ respect to correction for decomposition of the Pt complexes to

p\ /O ,O (dppp)PtC} (see text).
H
/Pt\ o partitioning of this consumption between the diol and triol. In

/P\ 0 (CH,) O\ (CHy) practice it was possible to achieve ligand exchange equilibration

' Ln He. " before substantial decomposition set in. Thus, we found that

.I(\)/le the use of worst case scenarios, i.e., all of the decomposition
assumed to result from only the diolate or from only the triolate

eq 8 reflectthe differencean energies between intermolecular complex, gave acceptably small differences in the calculated
hydrogen bonding to the solvent of this hydroxyl in the triol Kre's (<20%). This level of precision in the calculatéGrs
and intramolecular hydrogen bonding of the same hydroxyl to Was further reinforced by measurement of the exchange equi-
the diolate oxygen in the Pt complex. librium constants from both directions, conditions that should
(b) Data Analysis. Analysis of the data from the competition ~ alter the relative contributions of the diol and triol to the
reactions is simplified by the fact that the.’s are dimension- ~ decomposition products. Tli&e's resulting from these studies,
less; hence, only the relative concentrations of the various conducted in both dichloromethane and pyridine solution, are
components are needed. In principle, these could be obtaineddiven in Table 3.
from *H NMR, but in practice there are too many signal overlaps  (c) Hydrogen-Bonding Strength in Pt Triolate Complexes.
for this to be effective. InsteadlP NMR was used to determine  Before discussing the quantitative results, there are two issues
the relative concentrations of the two Pt Species in each to be considered. FirSt, the quantity that we are interested in
equilibrium. Combining this information with the known moles here, and the one that we have measured, is the net total
of starting materials and the reaction stoichiometries, the relative energetics resulting from intramolecular hydrogen bond forma-
concentrations of the free diols and triols can be readily tion. This is not the same as the isolated hydrogen bond
calculated for each equilibrium. Very accurate integrations are strength, since in an intramolecular hydrogen bond, much more
needed £1—2%) because of the propagation of integration SO than in intermolecular hydrogen bond formation, there are
errors (twice in the numerator and twice in the denominator) other factors that contribute to the measured equilibrium, e.g.,
and the involvement of small differences of large numbers in changes in nonbonded interactions elsewhere in the mol-
some cases. This level of precision and accuracy was obtainedecule®%3 Second, while it is tempting to conclude that the
through the acquisition of high-S/N spectra with good digital €nergetics of eq 4 represent hydrogen bond strengths for the
sampling across the peaks, careful spectral phasing, slope andive-membered ring shown and eq 5 those for the six-membered
bias corrections, and employing tests for potential errors due ing shown, this is only strictly true for metallacycle conformers
to differences in relaxation times and nuclear Overhauser effectshaving equatorially disposed hydroxyalkyl substitutentén
(see Experimental Section). axially substituted conformers, contributions from six-membered
The largest source of error in these experiments was and seven-membered rings, respectively, are also possible via
encountered for equilibria measured in dichloromethane. The hydrogen bonding to the far oxygen in the diolate ligand (cf.
Pt diolate complexes undergo slow reaction with this solvent Figure 1), rather than the near oxygen as illustrated in eqs 4
to form (dppp)PtGl and 1,3-dioxolanes, derived from net and 5 for simplicity. For the (dppp)Pt(butanetriolate) complex,
displacement of chloride from the GOI, by the diolate anion ~ Karplus-typeJeiocc coupling constant analyses show that the

(eq 9), demonstrating again the high basicity of the diolate hydroxyethyl substitutent is50% equatorially disposédyhile
for the (dppp)Pt(glycerolate) complex, the hydroxymethyl

Pl;\ /Ph substituent is roughly 75:25 ax:eq. A more rigorous delineation
P O of ring size effects might be experimentally achievable in a
\ / :L CDyCl, related monoalkoxy platinum system, e.g., (dppp)Pt(Y)(QleH
Pt T» OR) (R= H vs Me), in which the intramolecular hydrogen bond
: P/ \O ays ring size would be unambiguous. This would appear to be
7\ R feasible as (PPCHCH,PPh)Pt(CH;)(OMe) is known and
Ph Ph 9 undergoes analogous exchange reacfibhst such a study was
P}\‘ ,Ph ©) beyond the scope of the present work.
ql o) The net intramolecular hydrogen bond free energhes313
\ / / = —2.05+£ 0.05 and—2.52 £+ 0.06 kcal/mol, observed in the
+ D,C - : Ny : :
/P[\ 2\ j\ two (dppp)Pt(triolate) complexes with different side-chain
. cl 0 R lengths (eqs 4 and 5, respectively), are both quite comparable
/
Ph Ph

(52) Schuster, P. IThe Hydrogen Bond. Recent @@opments in Theory

. . . and Experiments. |. Theory of the Hydrogen Boi&thuster, P.,
oxygen atoms. The major source of error introduced by this Zundel, G., Sandorfy, C., Eds.; North-Holland Publishing Co.: New
decomposition is the inability to accurately calculate the free York, 1976; Vol. |, p 123 ff.

diol/triol concentrations. While the amount of (dppp)RtCl (53 sDZBeTbF?r\:;Ssk% rTg-; gﬁ%ﬁdgrgivs?kﬂziﬁségowski, T. M.; Grabowski,
formed indicates how much total diol/triol is consumed by (54) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J. E.

decomposition, it was not readily possible to determine the J. Am. Chem. S0d.987, 109, 1444-1456.
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to those for the first and second intermolecular hydrogen bondscomplexes compared te,w-alkoxy alcohols. The hydrogen
formed between (dppp)Pt(Ped) and phermel?’ = —3.5 bond entropies for the,w-alkoxy alcohols span a much larger
kcal/mol andAG;™® = —2.1 kcal/mol (calculated from the range than their enthalpies and thus determine the trends in
van't Hoff plot). The (dppp)Pt(triolate) intramolecular hydrogen  intramolecular hydrogen bond free energies in those complexes.
bonds would be expected to have lower enthalpies than thelt would appear that the opposite is true for the Pt(triolates),
intermolecular hydrogen bonds in (dppp)Pt(PE)Ph, since the more negative enthalpies expected for larger rings (due to
the less acidic triolate hydroxyls should be poorer HBDs than more linear G-H---O bonds) dominating the same trends in
phenol and because intramolecular hydrogen bonds cannot attaigntropies to produce the observed trend toward more negative
the optimal 189 O—H---O bond anglé®> These enthalpic ~ free energies with increasing ring size.
factors are partially compensated for by the favorable entropic ~While modest, these hydrogen bond free energies are suf-
chelate effect present with intramolecular hydrogen bonds ficient to ensure that95% of the (dppp)Pt(triolate) complex
compared to intermolecular association, leading to the observedis present in the intramolecularly hydrogen-bonded form in
comparable free energies for the two systems. dichloromethane, thereby generating good complexation selec-
Attempts to accurately determine these intramolecular hy- tivities, i.e., better than 85:15 for each triol over its analogous
drogen-bonding enthalpies and entropies directly, from tem- Methoxydiol for a 1:1 mixture of triol and diol. The complex-
perature-dependelte measurements of the diol/triol exchange ~ation selectivities in pyridine are somewhat smaller, re&5:
reactions, were thwarted by the decomposition reactions in 35, due to the much smaller exchange reaction free energies,
dichloromethane. For the 4-methoxy-1,2-butanediol/1,2,4-bu- AG*** = —0.62+ 0.03 and—0.82+ 0.03 kcal/mol for egs 4
tanetriol reaction in pyridine, however, the negligible change and 5, respectively. The difference between these values and
in Ko observed between 40 and ©G indicates thatH° for those in dichloromethane-@.05 and—2.52 kcal/mol, respec-
intramolecular hydrogen bonding in the Pt triolate and for tively) correspond to the triol hydroxyipyridine intermolecular
intermolecular hydrogen bonding of the free triol hydroxyl to hydrogen bond free energy,—1.6 kcal/mol, comparable to that
pyridine must be nearly equal (cf. eq 8). We can estimate this 0bserved for MeOkpyridine (~0.64- 0.02 kcal/mol in CGf)
enthalpy to be betweer4 and —6 kcal/mol based on the — and PhOHPy (=1.69 =+ 0.02 kcal/mol in CHCL,*). These
enthalpies of the methanepyridine adduct in CGl(—3.8 + results show that the diolate oxygens in the Pt complexes are
0.1 kcal/mot® ) and of the phenetpyridine adduct in ChCl, sufficiently good HBAs that-75% of the Pt triolate complex
(—5.9 4+ 0.2 kcal/mo¥”). The near equality of the enthalpies is still present in thg ilntramolecular hydrogen bonded form in
of the intramolecular Pt(triolate) and intermolecular triolate the strong HBA pyridine solvent.
hydroxyl—pyridine hydrogen bonds follows from (1) the greater ~ Interestingly, the rates of approach to equilibrium for egs 4
inherent HBA ability of the (dppp)Pt(diolate) system compared and 5 at 40°C were observed to be much faster in dichlo-
to pyridine (AHg,z = —7.0 kcal/mol for (dppp)Pt(Pee)OPh rorngthane (hours) t.har! in pyridine (days). It seems Ilkelly that
and—5.9 kcal/mol for PyHOPh), compensated for by (2) the this is due to contributions to the exchange reaction kinetics
decreased hydrogen bond strength of the intramolecular bondffrom hydrogen-bonding interactions between the incoming diol
due to geometric constraints and associated conformational@nd the coordinated diolate that are weakened in pyridine (cf.
interactions. rapid intramolecular exchange of coordinated phenoxide and
The most relevant prior study of high quality is thategés- intermolecular hydrogen bonded phenol iaPd(Me)(OPh)
diol monomethyl ethers by Prabhumirashi and J8$&.They HOPh complexe$3). When the incoming diol is already
used IR spectroscopy to determine the thermodynamics of intramolecularly hydrogen bonded, as in the (dppp)Pt(alditolate)
intramolecular hydrogen bonding in HO(@ROMe (n = 2—4) complexes,complexation isomer equilibration is rapid (minutes

for which AG® = —1.41+ 0.3,+0.20+ 0.2, and+0.47+ 0.3 or less) in both dichloromethane and pyridine, consistent with
kcal/mol for hydrogen bond ring sizes of five to seven, ©uUr finding above that the intramolecular hydrogen bond should

respectively, in carbon tetrachloride. This trend is opposite ours Still be present in pyridine in these complexes.

for the Pt triolate complexe®G313= —2.054+ 0.05 and—2.52 Impligations for Me_tal —Cark_Johydrate Chemistry. Regi-

+ 0.06 kcal/mol for increasing ring size. They also reported ©Selective complexation of alditols to (dppp)Rtepends on the
values forAH°® of —3.54+ 0.2, —3.6 + 0.1, and—4.3 + 0.2 interplay of several factors. Normal terminal vs internal ligand
kcal/mol andAS® of —7.0 + 0.6, —12.4+ 0.5, and—16.3+ complexation preferences, resulting from steric and electronic
0.5 eu. The enthalpies, which span a narrow range, are Substitutent effects, are compounded in these complexes by axial
somewhat smaller than our estimated value-dfto —6 kcal/ vs equatorial substitution in the resulting dioxaplatinacyclopen-

mol for the enthalpy of intramolecular hydrogen bonding in the tane ring system and by hydrogen-bonding interactions of the
(dppp)Pt(1,2,4-butanetriolate) complex. This is consistent with “SPectator” hydroxyls.  In the absence of these latter two effects,
the greater HBA ability of the Pt(diolates) compared to ethers, W€ would expect terminal alditol complexation to be favored

leading to more negativAH®'s and hence the more negative OVer internal complexation (based on the smaller steric hindrance

AG®'s observed for intramolecular hydrogen bonds in the Pt posed by a single substituent in the terminal isomer and by the
slightly greater acidity expected for a primary terminal £H

(55) Olovsson, I.; Josson, P.-G. IThe Hydrogen Bond. Recent fdop- OH group over a secondary internal CHROH group), but
ments in Theory and Experiments. II. Structure and Spectrospcopy independent experimental verification of this is difficult. Ligand
Schuster, P., Zundel, G., Sandorfy, C., Eds.; North-Holland: New steric and electronic effects can, however, be demonstrated to

York, 1976; Vol. Il, pp 393-456. . . . . .
(56) Perkampus, H. H.. Miligy, .. Kerim, ASpectrochim. Acta968 24A be a factor in axial vs equatorial substitution. On the basis of

2071—2079. 19pt—0—C—13C Karplus-type coupling constant patterns in
(57) Kulevsky, N.; Lewis, L.J. Phys. Cheml1972 76, 3502-3503. (dppp)Pt(alkanediolate) complexes, methyl metallacycle sub-
(58) Prabhumirashi, L. S. Chem. Soc., Faraday Trans1978§ 74, 1567 stituents favor an equatorial disposition over an axial one by

1572 and prior work cited therein. 0.15 keal/mol hvl The bulki h | ante
(59) IR studies have also been reported dow-diols (Busfield, W. K.; ~U. cal/mol per methy groub. ebu |_er phenyl antert-

Ennis, M. P.; McEwen, I. JSpectrochim. Actd973 29A 1259- butyl groups show much stronger equatorial preferences (based

1264) and 4-(hydroxymethyl)-1,3-dioxolanes (Aksnes, G.; Albriktsen, on Joc = 40 Hz in both compounds compared to 55 Hz for

P. Acta Chem. Scand.966 20, 1330-1334), but these suffer from : _ : .
flawed experimental protocols such as assuming equal extinction equatorial carbons and—5 Hz for axial carbons (cf. Experi

coefficients for free and hydrogen bonded hydroxyls or temperature
independence of the extinction coefficients. (60) Calculated from data in ref 57.
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CH CH
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Figure 5. Alditol structures and observed equilibrium complexation
regioselectivities for derived (dppp)Pt(alditolate) complexes in dichlo-
romethane (from ref 1) and, in parentheses, pyridine (this work).

Andrews et al.

due to the formation of new vibrational modedt seems likely

that this factor, along with the larger hydrogen-bonding ring
size accessible, contributes to the observed preference for
regioselectivities favoring dihydroxyethyl substitution over
hydroxymethyl substitutiof.

On balance, while individual hydrogen bonds are undoubtedly
stronger than the axialequatorial substitution preferences, each
alditol complexation isomer typically involves some combina-
tion of hydrogen bonds. It is therefore the much smaller
differencesn total hydrogen bond energies between the isomers
compared to the ax/eq energy differences that actually determine
the regioselectivities. Furthermore, many different equilibrium
permutations of hydrogen bond ring sizes may be accessible in
these systems, determined interactively with axial vs equatorial
and terminal vs internal substitution patterns. As a result, while
a priori prediction and rigoroupost factoguantitiative analysis
of regioselectivities are difficult, experimental determination of
these trade-offs is readily achieved in the bis(phosphine)-
platinum(ll) system (Figure 5).

The present work also offers some insights into the solvent
effects on the (dppp)Pt(alditolate) complexation regioselectivi-
ties. As seen in the triol model studies, switching from
dichloromethane to pyridine reduces the apparent strengths of
both “five”- and “six"-membered hydrogen bond ring systems

mental Section and ref 1)). Preliminary results suggested thatpy 5 comparable amount, namely, the 1.6 kcal/mol free energy

there might also be an electronic component to axégjuatorial

preferences since the methoxymethyl substituent in the (dppp)-

Pt(3-methoxy-1,2-propanediolate) complex appeared to favor
an axial disposition over an equatorial one b¥0.5 kcal/mol*

This conclusion assumed that the Karplus equation for this
complex is not significantly influenced by the electronegative
substituent present, a potential probl&f? The validity of this

of the pyridine-hydroxyl hydrogen bond. As long as the
different complexation isomers for an alditol have the same total
number of intramolecular hydrogen bonds, each isomer will have
its energy changed by essentially the same amount on switching
solvents. This leads to the otherwise somewhat surprising
observed result that the isomer ratios are generally independent
of solvent (cf. Figure 5). Some regioisomers, however, have a

assumption for the Pt alditolate complexes, however, has beenyqroxyl group that is geometrically precluded from participat-

confirmed in the current study by examining tH€ NMR of

the (dppp)Pt complex of methyl 4,89-benzylidenea-glucopy-
ranoside. The twé*Pt—O—C—13C, coupling constants in this
conformationally locked system are both 56 Hz, essentially
identical to that of 55 Hz found for our previous Karplus
calibration complex (dppp)Rténs-cyclohexane-1,2-diolaté).
This apparent electronic preference of oxymethyl substitutents
for axial configurations may be augmented when there are
spectator hydroxyl groups present, since axial configurations
permit hydrogen bonding of the substituent hydroxyl(s) to the
farther Pt-bound oxygen. This leads to larger hydrogen bond
ring sizes, more linear ©H---O bonds, and hence stronger

hydrogen bonds. These preferences for axial substitution are

undoubtedly responsible for the observed predominance in
alditolate complexes for complexation thireo diol units over
erythrodiol units (cf. Figure 5), the former allowing access to
diaxial configurations while the latter necessarily involving
mixed ax, eq configurations.

The intramolecular hydrogen bond free energy strengths of
~2-2.5 kcal/mol found here for the (dppp)Pt(triolate) com-
plexes probably represent a lower limit for those present in the
(dppp)Pt(alditolate) complexes. First, the alditolate hydroxyl
groups should be slightly more acidic than that of the isolated
4-hydroxyl group in the 1,2,4-butanetriol model employed here.

Second, when a polyhydroxy side chain is present, as in the

3,4-mannitolate complex (Figure 1), the first hydrogen bond
that is formed carries the entropic penalty of rotational “locking”

of the side chain. Any additional hydrogen bonds formed by
the other hydroxyls in the side chain then carry a smaller
entropic penalty and may in fact lead to an increase in entropy

ing in intramolecular hydrogen bonding. On switching from
dichloromethane to pyridine solution, such a hydroxyl will form
anew intermolecular hydrogen bond to the pyridine, lowering
the energy of this isomer relative to other isomers in which all
the hydroxyls are/were intramolecularly hydrogen bonded. This
would explain the increase in certain isomers on going from
dichloromethane to pyridine solution, e.g., 3,4-mannitolate (cf.
Figure 1), 2,3-galactitolate, and 2,3-ribitolate, which from X-ray
structure$® and/or molecular models each have isolated hy-
droxyls not involved in intramolecular hydrogen bonds.

Experimental Section

General Information. All operations were carried out under argon
using glovebox and Schlenk techniques unless otherwise noted. Phenol
(Aldrich, 99.8%), triphenylphosphine oxide (Aldrich, 98%), 3-meth-
oxypropanediol (Aldrich, 98%), 1,2,4-butanetriol (Aldrich, 96% for
synthetic preparations),S\-(—)-1,2,4-butanetriol (Aldrich, 98% for
equilibrium studies), glycerol (Mallinkrodt, 99.5%), and methyl){
4,6-O-benzylidenea-p-glucopyranoside (Aldrich) were used as re-
ceived. Phenyl-1,2-ethanediol (PegHAldrich) was purified by
extraction of yellow impurities with a minimal volume of ether and
then sublimation of the residue at 6€ under vacuum. Dichlo-
romethaned, (Cambridge Isotope Laboratories) was distilled fros0f
Butane-1,2,4-triol was treated with acetone to give Q;Bopropyl-
idenebutane-1,2,4-tril which was in turn converted to 4-methoxy-
butane-1,2-diol (97% purity) by treatment with sodium hydride and
methyl iodide®* Platinum complexes were prepared as described
previously?* H and3P NMR spectra (Bruker AM-300) of the (dppp)-
Pt(Ped) used for the phenol titration showed that it contained 0.88 equiv
of CH.Cl; and <1% (dppp)PtGl. Proton NMR chemical shifts were
referenced to the residual CHDGtenter peak at 5.32 ppm. NMR

(61) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, Getrahedron
198Q 36, 2783-2792.

(62) Kalinowski, H.-O.; Berger, S.; Braun, Sarbon-13 NMR Spectros-
copy, Wiley: New York, 1988.

(63) Hayashi, H.; Nakanishi, K.; Brandon, C.; MarmurJJAm. Chem.
So0c.1973 95, 8749-8757.

(64) Kelly, J. W.; Evans, S. A. J1. Am. Chem. Sod.986 108 7681—
7685.
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probe temperatures were calibrated with methanol as described in the
literature®> Unless otherwise noted, weighings were accurateQ®

mg and volumetric flask measurementstit%, and syringe measure-
ments to+1—-2%. The density of CkCl; at 295 K was taken to be
1.325 g/mL, that of CBCl, to be 1.362 g/ml%® The latter's temperature
dependence was assumed to have the same percentage variation as that .
of CHCl,, which is given by the formula (molar densityfor T in
K):67

- rubber plug

-
1

d = 1.3897/(0.256 78" 1P

Synthesis of (dppp)Pt(4-methoxy-1,2-butanediolate) The com-
plex was prepared analogously to other (dppp)Pt(diolate) complexes;
thus, (dppp)Pt(C¢) (179 mg, 262mol) and 4-methoxy-1,2-butanediol
(50.9 mg, 42Qumol, 1.56 equiv) were dissolved in GBI, (15 mL) in
a 25 mL Schlenk flask. The solution was stirred #oh under argon,
during which time the solution was bubbled with argon for 1 min every
15 min. At this time, &P NMR spectrum showed that the reaction
was only 65% complete, so an additional quantity of 4-methoxy-1,2-
butanediol (14.2 mg, 117Zmol, 2.0 equiv total) was added. After
stirring an additional 2.5 h with periodic bubbling with argon, another CHs), 26.1 (dd,Jpc = 38.3, 3.8 Hz,Jpic = 27 Hz, FCaHy), 24.9 (dd,
NMR spectrum indicated that the reaction was 97% complete. The Jdpc = 38.3, 3.6 Hz,Jpc = 27 Hz, FCgHy), 20.4 (s,Jpic = 21 Hz,
reaction mixture was allowed to stand for another 30 min and then the PCHCHy).
volume of the reaction mixture was reduced. The solution was  Synthesis of (dppp)Pt(methyl 2,39,0'-diolato-4,6-O-benzylidene-
transferred to a diffusion tube, concentrated to a total volume of 3 mL, @-D-glucopyranoside). (dppp)Pt(CQ) (258.6 mg, 387umol) and
and then layered with ether (25 mL). Diffusion over 48 h yielded white Methyl 4,60-benzylidenes.-0-glucopyranoside (234.8 mg, 8a2nol,
crystals of (dppp)Pt(4-methoxy-1,2-butanediolate) which were washed 214 equiv) were dissolved in GBI, (20 mL) in a 100 mL Schienk

Wilmad Screw Cap
NMR Tube
#507-TR

Figure 6. Design of home-built valved NMR tube cap.

with cold ether (4x 2 mL) and vacuum dried. The supernatant was
evaporated; the residue was redissolved in a minimum ofGGH2
mL) and layered with ether again (20 mL). Diffusion over 72 h at
room temperature yielded a second crop. Total yield was 109 mg,
56%, of spectroscopically pure materidt® NMR (CD.Cl,): 6 —8.48

(d with 195Pt satellitesJpp = 32 Hz, Jop = 3131 Hz),—8.83 (d with
19pt satellites,Jpp = 32 Hz, Jpip = 3141 Hz). *H NMR (CD,Cly): 6

7.8 (m, 8 H), 7.3 (m, 12 H), 3.75 (M, 1 H, PtBICH,CH,OMe), 3.67
(ddd, Juw = 9.1, 4.0 Hz,Jpy = 4.0 Hz, 1 H, PtOEiaHg), 3.40 (ddd,
Juw =9.1, 6.0 HzJpy = 3.0 Hz, 1 H, PtOCIﬂHB), 3.28 (t,JHH =74
Hz, 2 H, CHCH,OMe), 3.19 (s, 3 H, Of83), 2.4 (m, 4 H, PEl,),
1.95 (m, 2 H, PCHCHy), 1.74 (d of t,Juyn = 5.8, 7.4 Hz, 2 H, El-
OMe). 3C{H} NMR (CD,Cl,): ¢ 133.8 (m), 131.0 (m), 128.7 (m),
81.8 (dd,Jpc = 4.7, 2.4 Hz, Pt@,), 80.7 (dd,Jec = 4.5, 2.6 Hz,
PtCCg), 72.1 (s,CH,OMe), 58.5 (s, @H3), 35.6 (br s, with Pt satellites,
Jpic = 22 Hz, CH,CH,OMe), 26.0 (ddJec = 34.5, 7.7 Hz, RCH,),
25.7 (dd,Jpc = 34.0, 7.3 Hz, BCHy), 20.3 (s, with Pt satelliteSpic =

20 Hz).

Synthesis of (dppp)Pt(3,3-dimethyl-1,2-butanediolate) This was
prepared analogously to the ethanediolate combplgield 45%.
31p{1H} NMR (CD,Cly): 6 —8.5 (d with Pt satellites)pp = 31.4 Hz,
Jere = 3096 Hz),—10.6 (d with Pt satellites)pp = 31.4 Hz,Jpp =
3127 Hz). *H NMR (CD:Cl,) (second-order analysis utilizing the
Bruker Panic program)s 7.85 (m, 6 H, Ph), 7.81 (m, 2 H, Ph), 7.38
(m, 12 H, Ph), 3.68 (mJun = 10.1, )9.1 Hz,Jpny =~ 0 Hz, 1 H,
OCHgHc), 3.59 (m,Jus = 10.1, 3.8 HzJpyy = 0 Hz, 1 H, OCGHA-t-
Bu), 3.52 (m,Jun = (—)9.1, 3.8 Hz,Jpy = 8.6, (-)2.2 Hz, 1 H,
OCHgHc), 2.40 (br m, 4 H, PE), 1.95 (br m, 2 H, PChLCH)), 0.82
(S, 9 H, O‘|3) 13C{ lH} NMR (CD2C|2): 0 134.0 (d,Jpc =10.1 Hz,
Jpic = 20 Hz, ortho C), 133.9 (dJpc = 10.7 Hz,Jpic Obscuredprtho
C), 133.8 (d,Jpc = 10.1 Hz,Jpic obscuredprtho C), 133.4 (dJpc =
10.8 Hz,Jpic = 20 Hz,0rtho C), 131.8 (d Jec = 58 Hz,ipsoC), 131.7
(d, Jpc = 58 Hz,ipsoC), 131.6 (dJpc = 58 Hz,ipsoC), 131.3 (d Jec
=58 Hz,ipsoC), 130.9 (dJpc = 2.8 Hz,paraC), 130.9 (dJpc = 2.4
Hz, paraC), 130.8 (dJpc = 2.9 Hz,paraC), 130.7 (dJpc = 2.8 Hz,
paraC), 128.7 (d,Jpc = 10.6 Hz,metaC), 128.6 (d,J.c = 10.6 Hz,
metaC), 128.4 (d Jpc = 10.5 Hz,metaC), 128.3 (d,Jpc = 10.7 Hz,
meta Q, 92.8 (dd,Jpc =5.2, 3.4 Hz, @:H), 76.1 (dd,Jpc: 5.0, 3.9
Hz, OCH,), 34.2 (d,Jpc = 3 Hz, Jpic = 40 Hz, C(CHg)s), 27.6 (s,

(65) Van Geet, A. LAnal. Chem197Q 42, 679-680.

(66) Aldrich Catalog Handbook of Fine Chemicalsidrich Chemical Co.,
Milwaukee, WI, 1994-1995.

(67) From the Design Institute for Physical Property Data (DIPPR) file,
American Institute of Chemical Engineers (AlChe) accessed via the
Scientific and Technical Information Network (STN).

flask. The flask was partially evacuated and refilled with argon (about
sets of three cycles repeated once per hour) a8hperiod and then
the solution allowed to stir overnight, at which timé'® NMR showed
97% conversion to product. The solution was concentrated-8 2
mL and layered with ether(15 mL). The resulting white precipitate
was isolated by centrifugation, washed with etherx(20 mL), and
dried under vacuum to give the desired product (310 mg, 90%),
spectroscopically pure except for a trace of ether (2 mol ¥9.NMR
(CD2C|2): 0 —9.73 (d with195Pt satellites Jpip = 3224 Hz,Jpp = 32
Hz), —10.11 (d with*%Pt satellitesJpip = 3170 Hz,Jpp = 32 Hz).'H
NMR (CD,Cly): 6 7.9 (m, 8 H), 7.35 (m, 17 H), 5.47 (sHPh), 4.77
(d, Junw = 3.4 Hz, GHOMe), 4.23 (dd,Jun = 9.7, 4.4 Hz, GlaHg),
4.04 ¢t, Jun ~ 9.1, PtOGICHCHOMe), 3.72 {t, Jun ~ 10 Hz,
HaHg), 3.72 (dd,Jun = 9.5, 3.4 Hz, PtOEICHOMe), 3.60 {ddd,
Jun ~ 10, 9, 4.4 Hz, (E'CHZ), 3.50 (Vt, Jun ~ 9 Hz, O"OCHPh),
3.39 (s, O®3), 2.4 (br m, 4 H, PE), 1.95 (m, 2 H, PChKICH,).
13C{*H} NMR (CD,Cly): 6 139.1 (s), 134 (m), 131.2 (m), 128.7 (m),
128.3 (s), 126.8 (s), 104.2 (dpc = 4.9 Hz, with Pt satellites)pic =
56 Hz, PtOCHCHOMe), 101.2 (sCHPh), 86.3 (ddJpc = 4.2, 2.7 Hz,
PtOC), 85.7 (d, Jec = 2.9 Hz, with Pt satellitesJoic = 56 Hz,
PtOCHCHOCHPh), 82.4 (ddJsc = 4.0, 2.9 Hz, Pt@), 69.6 (s, [°C:

t, Jen = 146 HZ], CHCHZ), 64.2 (S, {3C d, Jon = 146 HZ], CHz),
55.6 (s, [’C: g, Jcn = 140 Hz], GCH3), 25.9 (dd,Jpc = 36.2, 7.3 Hz,
PACH), 25.8 (dd Jpc = 35.8, 7.5 Hz, BCH,), 20.2 (s, with Pt satellites,
Jric = 21 Hz, PCHCH,).

NMR of (dppp)Pt(Ped). A ¥C{*H} NMR of (dppp)Pt(Ped),
obtained at higher concentrations than that used in ref 1, permitted
Jric, 40 Hz, for the phenyl-1,2-ethanediolatpso carbon to be
determined.

Determination of Effective Density of OPPh in CH.Cl,. Tri-
phenylphosphine oxide (178.1 mg) was dissolved i@ (1.1354
g, calculated to be 0.857 mL), which gave exactly 1.00 mL of total
solution in a screw-capped volumetric flask. From this, the effective
volume of the OPPjwas 0.14 mL, giving an effective density of 1.24-
(9) g/mL.

Titrations of Phenol with OPPhs. In a typical titration, a stock
solution of phenol (19.3 mg, 20Bbmol in CD,Cl, (1.1072 g)) was
prepared in a screw-capped vial equipped with a Mininert Microflex
valve (Kontes), which, based on a total volume of 0.829 mL ((1.1072
+ 0.0193)/1.362, assuming within experimental error that the effective
density of PhOH is equal to that of GOI, at this low concentration),
corresponded to a phenol concentration of 247 mM. A L0.@liquot
of this solution was added to GDI, (0.5827 g, 0.4278 mL) in a screw-
capped NMR tube equipped with a special home-built valve modeled
after the Mininert Microflex valve (Figure 6, see Supporting Information
for design details) to give a 5.7(1) mM solution of phenol. A typical
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stock solution of triphenylphosphine oxide (118.4 mg, 42&%ol in conversion to (dppp)Ptelat 40 °C in dichloromethane solution
CDCl; (1.0108 g)) was prepared in a second screw-capped vial occurring at rates 0f0.1%/h for the triolate complexes and 0.3%/h
equipped with a Mininert valve, which, based on a total volume of for the methoxydiolate complexes.

0.837 mL (1.0108/1.362- 0.1184/1.24), corresponded to a phosphine  Dijol—Diolate Exchange Reactions. General InformationStock
oxide concentration of 508(10) mM. Sequential aliquots—28 of solutions containing~1:1 mixtures of the appropriate diol/triol and
10—-100uL each) of the phosphine oxide stock solution were then added (dppp)Pt(diolate/triolate) were prepared in the chosen solvent as
to the NMR tube using Hamilton series 1700 gas-tight syringes with described below, taking into account the limited solubilities of glycerol
26S gauge, point style no. 5 needles (the syringe being washed betweernd 1,2,4-butanetriol in dichloromethane (determined to be 6.5 and 11.5
aliquots with CHCI, and vacuum dried at 5% to prevent introduction  mM, respectively, byH NMR integration of saturated solutions vs an
of adventitious water) and the tube was thoroughly mixed. To confirm internal standard; 3-methoxy-1,2-propanediol had a solubility @28

the accuracy of the multiple-aliquot protocol and to check for loss of M in dichloromethane). Aliquots of the diediolate stock solutions
solvent due to evaporation at elevated temperatures, the total volumewere transferred to NMR tubes equipped with a J. Young valve,
of the solution was verified after addition of each aliquot by comparison thermostated at 46C, and monitored by*P NMR until the reaction

of the calculated volume with that determined by measuring the height reached equilibrium (days in pyridine, hours in dichloromethane). When
of the solution and applying a published height-to-volume conversion feasible !H NMR spectra were used to verify the relative diol to diolate
formula® Phenol-to-phosphine oxide ratios were also checked by concentrations in the stock solutions. Fif#fl spectra for determination

NMR integration. After addition of the final aliquot of phosphine oxide,
the concentration of phenol was2.5 mM and that of phosphine oxide
~0.3 M for a typical titration. Proton NMR spectra (0.25 Hz digital

of equilibrium constants were acquired with 0.19 Hz digital resolution,
a 1-2 Hz line-broadening (exponential smoothing) function, and
sufficient scans+1200-2500) to insure good signal-to-noise ratios.

resolution) were recorded before adding any phosphine oxide and afterTest spectra collected with inverse-gated decoupling gave integration
addition of each aliquot, allowing at least 7 min for temperature ratios indistinguishable from those collected with standard CPD
equilibration in the probe (298.3(8) K). Comparable experiments were decoupling, a 60pulse width, and a 5.4 s acquisition time, indicating
conducted with fresh stock solutions at 264 (two independent runs), that differences in NOE and relaxation times6é( s) between the

274 (one run), 284 (one run), 298 (two runs), and 304 K (two runs), complexes are negligible. For each spectrum, three separate integrations
the concentration data being corrected for temperature effects onwere performed, starting from the raw FID each time. Using only the

solution volumes. Tables of the resulting titration data giving [PhOH],
[OPPR], and'H NMR chemical shift of the phenol OH proton are
included in the Supporting Information. The OH chemical shift
typically changed fromd 4.8 to~10. The experimental titration data
covered>90—95% of the calculated total phenol chemical shift range.

Titrations of Phenol with (dppp)Pt(Ped). These titrations were
conducted analogously to those for ORRcept as noted here. A
typical stock solution of (dppp)Pt(Pe@)88CHCI, (19.3 mg, 23.6:mol
in CD,Cl, (1.1673 g)) was prepared in a screw-capped vial equipped
with a Mininert valve, which, based on a total volume of 0.871 mL
((1.1673+ 0.0193)/1.362, assuming within experimental error that the
effective density of (dppp)Pt(Ped) is equal to that of ,CD at this
low concentration), corresponded to a Pt concentration of 27.1(5) mM.
The number and size of the Pt aliquots {156 of 10-250 uL each)
were chosen to effectively sample significant portions of the calculated
total phenol chemical shift range, i.e., from 0 to-8%% for low-
temperature runs and 0 to #83% for high-temperature runs. After
addition of the final aliquot of Pt, the concentration of phenol was
typically ~2 mM and that of Pt-15 mM. Proton NMR spectra taken

main lines due to noA?Pt-containing species, two integrals were
determined for each spectrum, one for half of the AB quartet due to
the triolate complex, the other for the second half of the AB quartet of
the triolate complex plus the full AB quartet due to the methoxydiolate
complex. Any other species present (i.e., (dppp)Pt@lere also
integrated. The sum of all integrals was set to 100%. With these
precautions, integrations were reproduciblettb—2%. Using these
integrals, the initial diol and diolate complex concentrations, and
reaction stoichiometries, the final concentrations of all four species
contributing to the diot-diolate equilbrium constant expression were
calculated. Reactions were considered to have reached equilibrium
when three successive spectra gave the same computed equilibrium
constants within experimental error.

A. (dppp)Pt(3-methoxy-1,2-propanediolate}+ Glycerol in Py-
ridine-ds. Stock solutions of (dppp)Pt(3-methoxy-1,2-propanediolate)
(10.6 mg, 14.%umol) and glycerol (6.2 mg, 6Zmol) in pyridineds
were prepared in separate 1.00 mL volumetric flasks. Aliquots of the
(dppp)Pt(3-methoxy-1,2-propanediol) (24Q) and glycerol (60uL)
stock solutions were added to a third 1.00 mL volumetric flask and

with adequate relaxation delays at various points showed reasonablegijuted to the mark with pyridings to give final concentrations of
agreement between the observed and calculated stoichiometries as welldppp)Pt(3-methoxy-1,2-propanediol) of 4.02 mM and of glycerol of

as a water level below 1 mol %. Following each titratié#? NMR
check spectra showed the presence of less than 1.5% (dppp3RtCI
no discernable (dppp)Pt(ORh)Duplicate runs were carried out at each
of five temperatures (267, 280, 298, 307, and 321 K, calibrated with

4.02 mM. Solution compositions determined®y NMR at 14, 121.5,
185.5, 277.5, and 353.5 h were (% Pt diolate:% Pt triolate) 77.3:22.7,
37.5:62.5, 37.9:62.1, 38.6:61.4, and 37.5:62.5, respectively, giing
values (eq 5) of 2.73, 2.66, 2.51, and 2.76 for the last four “equilibrium”

methanol at the start and end of each titration) using fresh Pt stock data points for an average value of 2:70.1. Calculation o is
solutions for each run and fresh phenol stock solutions at each jllustrated for the last data point: [(dppp)Pt(3-methoxy-1,2-pro-
temperature, the concentration data being adjusted for the temperaturéyanediolate)l= 0.375 x 4.02= 1.51 mM, [(dppp)Pt(glycerolate)

effect on solution volumes. Tables of the resulting titration data giving
[PhOH], [Pt], and*H NMR chemical shift of the phenol OH proton
are included in the Supporting Information.

Decomposition Reactions of (dppp)Pt(diolates) in CECl,. A
solution of (dppp)Pt(1,2-propanediolate) (10.9 mg, 161®l) in CD,-
Cl, (0.55 mL) was allowed to stand in the drybox for 48 days3'A

[3-methoxy-1,2-propanedioff 0.625x 4.02= 2.51mM, and [glycerol]
= 4.02-2.51= 1.51 mM, givingK = (2.51//(1.51)(1.51)= 2.76.

B. (dppp)Pt(glycerolate) + 3-Methoxy-1,2-propanediol in Py-
ridine-ds. Stock solutions of (dppp)Pt(glycerolai@)05CHCI, (14.2
mg, 20.2umol) and 3-methoxy-1,2-propanediol (12.4 mg, Litol)
in pyridine-ds were prepared in 1.00 and 2.00 mL volumetric flasks,

NMR spectrum taken at that time showed the phosphorus-containing respectively. Aliquots of the (dppp)Pt(glycerolate) (200) and

components to be a mixture of (dppp)PtG67%), (dppp)Pt(1,2-
propanediolate) (32%), and (dppp)Pt(§Q<1%). A H NMR
spectrum of the solution exhibited peaks consistent with formation of
4-methyl-1,3-dioxolane-2L: 6 4.09 (approximate sextet,~ 6.3 Hz,

1H, OCH), 3.95 (dd,J = 7.6, 6.4 Hz, 1H, O€lsHg), 3.31 (t,J = 7.3

Hz, 1H, OCHHg), 1.25 (d,J = 6.1 Hz, 3H, G3). The GG-MS

3-methoxy-1,2-propanediol (70L) stock solutions were added to
another 1.00 mL volumetric flask and diluted to the mark with pyridine-
ds to give final concentrations of (dppp)Pt(glycerolate) of 4.04 mM
and of 3-methoxy-1,2-propanediol of 4.09 mM. Solution compositions
determined by*'P NMR for five data points from 200 to 400 h were
(% Pt diolate:% Pt triolate) 37.9:62.1, 37.3:62.7, 38.3:61.7, 37.8:62.2,

fragmentation pattern of the major volatile species was also consistentand 38.2:61.8, givind values of 2.74, 2.88, 2.65, 2.76, and 2.66,

with 4-methyl-1,3-dioxolane-2, based on comparison with a library
spectrum of allprotio 4-methyl-1,3-dioxolane. Similar behavior was

observed for the diolate complexes employed in the present study,

(68) Bryndza, H. E.; Calabrese, J. C.; Marsi, M.; Roe, D. C.; Tam, W.;
Bercaw, J. EJ. Am. Chem. S0d.986 108 4805-4813.

for an average value of 2% 0.1.

C. (dppp)Pt(3-methoxy-1,2-propanediolate)t Glycerol in CHCl..
Stock solutions of (dppp)Pt(3-methoxy-1,2-propanediolatBlCH.Cl,
(114.8 mg, 19.«mol) and glycerol (11.8 mg, 128mol) in CHCl,
were prepared in 1.00 and 25.0 mL volumetric flasks, respectively.
Aliquots of the (dppp)Pt(3-methoxy-1,2-propanediol) (2@0) and
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glycerol (800uL) stock solutions were added directly to the NMR tube  11.7:86.5:1.8, givin& e values of 54.8, 48.7, and 53.2 (assuming all
to give final concentrations of (dppp)Pt(3-methoxy-1,2-propanediol) (dppp)PtCl resulting from (dppp)Pt(4-methoxy-1,2-butanediolate)) and

of 3.93 mM and of glycerol of 4.10 mM. Solution compositions
determined by?’P NMR for three data points from 300 to 500 min
were (% Pt diolate:% Pt triolate:% Pt chloride) 14.7:84.6:0.7, 13.8:
85.3:0.9, and 13.8:85.2:1.0, givirge values of 24.2, 27.3, and 26.8
(assuming all (dppp)Ptelresulting from (dppp)Pt(3-methoxy-1,2-
propanediolate)) and 25.3, 28.9, and 28.6 (assuming all (dppp)PtClI
resulting from (dppp)Pt(glycerolate)). The average of the last two
“equilibrium” data points by each method is 27.1 and 28.8, respectively.

D. (dppp)Pt(glycerolate)+ 3-Methoxy-1,2-propanediol in CD,Cl..
Stock solutions of (dppp)Pt(glycerolat@)05CHCI, (13.9 mg, 19.8
umol) and 3-methoxy-1,2-propanediol (14.5 mg, 1aol) in CD,Cl»
were prepared in separate 1.00 volumetric flasks. Aliquots of the
(dppp)Pt(glycerolate) (206L) and 3-methoxy-1,2-propanediol (3Q)
stock solutions were added to a third 1.00 mL volumetric flask and
diluted to the mark with CBCI; to give final concentrations of (dppp)-
Pt(glycerolate) of 3.96 mM and of 3-methoxy-1,2-propanediol of 4.10
mM. Solution compositions determined B NMR for three data
points from 500 to 1100 min were (% Pt diolate:% Pt triolate:% Pt
chloride) 16.8:82.6:0.6, 16.5:81.7:1.8, 16.8:81.3:1.9, giXngvalues
of 25.2, 25.6, and 24.4 (assuming all (dppp)Rt€tulting from (dppp)-
Pt(3-methoxy-1,2-propanediolate)) and 26.4, 29.4, and 28.1 (assuming
all (dppp)PtC4 resulting from (dppp)Pt(glycerolate)). The average
value by each method is 25.1 and 28.0, respectively.

E. (dppp)Pt(4-methoxy-1,2-butanediolate)+ 1,2,4-Butanetriol
in Pyridine-ds. Stock solutions of (dppp)Pt(4-methoxy-1,2-butane-
diolate) (14.6 mg, 20.Amol) and 1,2,4-butanetriol (21.0 mg, 18610l)
in pyridine-ds were prepared in separate 1.00 mL volumetric flasks.
Aliquots of the (dppp)Pt(4-methoxy-1,2-butanediolate) (209 and
1,2,4-butanetriol (2Q:L) stock solutions were added to a third 1.00
mL volumetric flask and diluted to the mark with pyridie+to give
final concentrations of (dppp)Pt(4-methoxy-1,2-butanediolate) of 4.02
mM and of 1,2,4-butanetriol of 3.96 mM. An aliquot of this solution
was transferred to an NMR tube equipped with a J. Young valve
thermostated at 40C, and monitored by'P NMR over a period of
days until the reaction reached equilibrium. Solution compositions
determined by*P NMR for five data points from 220 to 340 h were
(% Pt diolate:% Pt triolate) 34.5:65.5, 34.5:65.5 (inverse gated
decoupled), 34.3:65.7, 34.6:65.4, and 34.4:65.6 (inverse gated de-
coupled), givingKe values (eq 6) of 3.77, 3.79, 3.85, 3.75, and 3.82,
for an average value of 3.88 0.04.

The NMR tube was then heated to 90 and monitored b§*P NMR
over a period of days (quenching the sample in an ice bath prior to
each measurement). No detectable change in isomeric composition
from the 40°C values could be detected.

F. (dppp)Pt(1,2,4-butanetriolate) + 4-Methoxy-1,2-butanediol
in Pyridine-ds. Stock solutions of (dppp)Pt(1,2,4-butanetriolate) (15.0
mg, 20.6umol, corrected for the presence of 2.6% (dppp)P#Fénd
4-methoxy-1,2-butanediol (15.6 mg, 12&mol, corrected for the
presence of 3% 1,@-isopropylidene-4-methoxy-1,2-butanediol) in
pyridineds were prepared in separate 1.00 mL volumetric flasks.
Aliquots of the (dppp)Pt(1,2,4-butanetriolate) (180 and 4-methoxy-
1,2-butanediol (3%L) stock solutions were added to another 1.00 mL
volumetric flask and diluted to the mark with pyridieto give final
concentrations of (dppp)Pt(1,2,4-butanetriolate) of 3.92 mM and of
4-methoxy-1,2-butanediol of 4.37 mM. Solution compositions deter-
mined by3P NMR for four data points from 90 to 180 h were (% Pt
diolate:% Pt triolate) 36.4:63.6, 36.1:63.9, 36.6:63.3, and 36.5:63.5,
giving K¢ values of 3.61, 3.70, 3.54, and 3.57, for an average value of
3.61+ 0.07. Areplicate experiment using independent stock solutions
gaveK = 3.7+ 0.1.

G. (dppp)Pt(4-methoxy-1,2-butanediolate)}t+ 1,2,4-Butanetriol
in CD,Cl,. Stock solutions of (dppp)Pt(4-methoxy-1,2-butanediolate)
(7.3 mg, 10.Jumol) and 1,2,4-butanetriol (10.5 mg, 9%Mol) in CH,-

Cl, were prepared in 1.00 and 10.0 mL volumetric flasks, respectively.
Aliquots of the (dppp)Pt(4-methoxy-1,2-butanediolate) (400 and
1,2,4-butanetriol (40@L) stock solutions were added to another 1.00
mL volumetric flask and diluted to the mark with GEl; to give final

)

64.0, 56.8, and 64.3 (assuming all (dppp)Rt@kulting from (dppp)-
Pt(butanetriolate)). The average by each method is 52 and 62,
respectively.

H. (dppp)Pt(1,2,4-Butanetriolate) + 4-Methoxy-1,2-butanediol
in CD,Cl,. Stock solutions of (dppp)Pt(1,2,4-butanetriolate) (14.7 mg,
20.6 umol) and 4-methoxy-1,2-butanediol (10.5 mg, 84inol,
corrected for 3% impurity) in CECl, were prepared in 1.00 and 2.00
mL volumetric flasks, respectively. Aliquots of the (dppp)Pt(1,2,4-
butanetriolate) (20@L) and 4-methoxy-1,2-butanediol (1¢4) stock
solutions were added to another 1.00 mL volumetric flask and diluted
to the mark with CRCI; to give final concentrations of (dppp)Pt(1,2,4-
butanetriolate) of 4.13 mM and of 4-methoxy-1,2-butanediol of 4.21
mM. Solution compositions determined B NMR for four data
points from 400 to 800 min were (% Pt diolate:% Pt triolate:% Pt
chloride) 11.7:87.4:0.9, 12.4:86.5:1.1, 11.6:87.0:1.4, and 11.8:86.4:1.8,
giving K values of 57.3, 49.9, 58.0, and 54.6 (assuming all (dppp)-
PtCk resulting from (dppp)Pt(4-methoxy-1,2-butanediolate)) and 62.7,
55.4, 67.2, and 65.6 (assuming all (dppp)Rt€kulting from (dppp)-
Pt(butanetriolate)). The average by each method is 55 and 63,
respectively.
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Appendix

Data Analysis. (A) Monoadduct Formation. For the case
in which only one hydrogen-bonding interaction is present, e.g.,
PhOH-OPPhR, equations similar to 1 and 6 can be written as
follows:

Oups= 0y + AS ((HBCY[HBA ) (A1)

obs

K = [HBC)/[HBD][HBA] = [HBC]/(([HBD+] —
[HBC])([HBA ] — [HBC])) (A2)

where [HBD;] and [HBA1] are the total concentrations of all

species involving the hydrogen bond donor and acceptor,
respectively, [HBC] is the concentration of the hydrogen bond
complex HBD--HBA, K is the hydrogen bond association
constant,d, is the chemical shift of the free HBD\O is the
change in chemical shift of the HBD on full complexation, and
Oobs iS the observed exchange-averaged chemical shift of the
HBD. Rearranging and combining terms in eq A2 gives

[HBC]2 — ([HBD;] + [HBA;] + 1/K)[HBC] +
[HBD{][HBA;] =0 (A3)
Solving eq A3 for [HBC] gives

[HBC] = 1/2{([HBD,] + [HBA,] + 1/K) + {([HBD,] +
[HBA,] + 1/K)? — 4[HBD,][HBA {]}*3 (A4)

concentrations of (dppp)Pt(4-methoxy-1,2-butanediolate) of 4.02 mM where the physically meaningful solution requires thax0

and of 1,2,4-butanetriol of 3.96 mM. Solution compositions determined

by 3P NMR for three data points from 500 to 800 min were (% Pt
diolate:% Pt triolate:% Pt chloride) 11.7:86.8:1.5, 12.2:86.2:1.5, and

(69) Hodgman, C. D. IlMathemetical TableslOth ed.; Hodgman, C. D.,
Ed.; Chemical Rubber Publishing Co.: Cleveland, OH, 1954; p 295.
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[HBC] =< [HBD7]. Substitution of the expression for [HBC] for nonlinear least-squares fitting to obtain valueg\éf, Ad,,

given by eq A4 into eq Al gives an equation fiy,sin terms K1, andK; from 6, and a set of [HBA], [HBD+], and dobs

of the three knowns [HBA, [HBD+], and d, and the two titration data.

unknownskK and Ad. This equation is suitable for nonlinear In practice, the fitting algorithm assumed trial valueskaf

least-squares fitting by standard procedures to obtain values ofandK; and solved eq A14 for [HBD], using a standard analytical

K and Ad from 6, and a set of [HBA], [HBD+], and dobs solution for cubic equatior®, for each pair of [HBA] and-

titration data. [HBD] in the titration data set, again providing an if/then/else
(B) Diadduct Formation. For the case in which two test to select the proper root such thak(HBD] < HBDx.

hydrogen-bonding interactions are present, equations analogoud hese values were then substituted into eq A12 to find [HBA]

to A1l and A2 can be written: and then both substituted into eqs A6 and A7 to determine sets
of [HBC1] and [HBC?2] for substitution into eq A5. Equation
Ogps= 0 T A04([HBC1]/[HBA,]) + A5 was then fit by linear least-squares to determial and

A6,([HBC2]/[HBA]) (A5) Ad,. The process was then repeated using new trial values of
K1 andK; until the least-squares errors between the calculated

K, = [HBC1)/[HBD][HBA] = [HBC1] = and observed sets dfps data were minimized. For both the
K,[HBD][HBA] (A6) mono- and diadduct cases, the implementation of the algorithm
was performed on a Macintosh computer using the MatLab

K, = [HBC2)/[HBD][HBC1] = [HBC2] = environmen® employing their built-in Levenberg-Marquardt

nonlinear least-squares fitting routine, for which custom sub-
K,[HBD][HBC1] = K;K,[HBA][HBD] * (A7) routines to define the functional forms of eqs Al and A3 or A5
and A14 were developed.
[HBA;] = [HBA] + [HBC1] + [HBC2]  (A8) Monte Carlo Error Analyses. To estimate the errors in the
fitting parameters, a method of random variations in the
[HBD+] = [HBD] + [HBC1] + 2[HBC2]  (A9) experimental data was used. For each set of titration data, the
actual data were fit as described above to determipneKs,
Substituting values of [HBC1] and [HBC2] from eqs A6 and  A¢,, andAd,. A new, “virtual” data set was then obtained by
AT into eqs A8 and A9 gives randomly varying the values of [HBfpand [HBA:] subject to
the constraints described below. The new data set was then fit
[HBA;] = [HBA] + K,[HBD][HBA] + to obtain alternative values for the four fitting parameters. This
K,K,[HBA][HBD] 2 (A10) process was repeated 50 times, discarding any data sets that
gave physically meaningless (i.e., negative) values for the fitting
[HBD+;] =[HBD] + K,[HBD][HBA] + parameters. The standard deviations of the fitting parameters
2 in the 50 virtual data sets were taken as the standard deviations
2K K[HBA]HBD] © (A11) for the parameters obtained from fitting the actual experimental
; : data. The random generation of virtual data sets was constrained
Solving eq AL0 for [HBA] gives such that the initial [HBBR] and [HBAr] concentrations in each

[HBA] = [HBAJ/(1 + K,[HBD] + K,K,[HBD]?)  (A12) virtual data set were distributed about their corresponding actual
value with a standard deviation €f2%. This represents the

Substituting the value of [HBA] from eq A12 into eq A1l gives SyStematic errors in stock solution preparations. The remaining
HBA+r and HBDr concentrations in the data sets were derived
[HBD+] = [HBD] + K;[HBD][HBA ;J/(1 + K,[HBA] + from these values by adjusting them to reflect the dilution and
2 2 increased concentration, respectively, resulting from each added
KiKo[HBA] ") + 2K Ko[HBD] THBAJ/(1 + Ky [HBA] + syringe aloquot, these aliquots being dispersed about the actual
KK, [HBA] %) (A13) value by a standard deviation af1%. These standard
deviations were chosen to represent the estimated errors in the
Multiplying out eq A13 and collecting terms in [HBD] gives  actual experimental protocol.
Supporting Information Available: Tables of experimental titra-
[HBD]S +@+ ZKZ[HBAT] o KZ[HBDT][HBD] 2/KZ + tion dF;Ft)a, cogmplete diagram of valved NMR cap ?Figure S1), and a
(1+ K4 [HBA{] — K,[HBD<])[HBD)/ KK, — correlation plot of phenol H-bonding enthalpgntropy relationship
[HBD ]/K K.=0 (A14) parametersn andb (Figure S2) (10 pages). See any current masthead
T2 page for ordering and Internet access instructions.

Equations A5 and Al4 together define a set of equations suitablelC970860P



