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Data analysis for complexes that show additional equilibria

Table S1 Binding constant for selected complexes fitted to 1:1 and 1:1 plus 2:5 binding isotherms in TCE at 298K.

1:1 fit 1:1 plus 5:2 fit
KM R factor KM Ky.s/M® R factor
Pla Lla 2.1x10° 4.4 4.6x10° 2.4x10"7 7.7
P3a Lla 2.4x10° 2.4 2.4x10° 2.6x10" 2.5
P4a Lla 1.5x10° 5.3 1.6x10° 6.1x10" 5.5
P4a L2a 2.2x10° 6.4 2.8x10° 4.0x10' 10
P2a L5a 1.2x10* 6.1 1.2x10* 1.1x10% 6.0
P3a L5a 1.8x10* 4.8 2.1x10* 1.1x10% 4.6
P4a L5a 1.8x10* 6.2 1.9x10* 9.9x10'8 6.4

Partially Bound States Analysis

One H-bond. For complexes that can make a single intramolecular H-bond, the observed association constant is given by the sum
of the equilibrium constants for the fully bound and partially bound states (Equation S1).

10 Kobs:K0(1+O-1K1EMl) (S1)

where K| is intermolecular association constant for formation of the zinc-nitrogen interaction, K is the intermolecular association
constant for formation of the H-bonding interaction, EM, is the effective molarity for the intramolecular interaction, and o, is a
statistical factor that describes the degeneracy of the fully bound state. In the complexes discussed here, the porphyrins all have
four identical H-bond donor sites, so 6, = 4.

15 So, the parameter f required for the determination of EM using the double mutant cycle analysis is given by Equation S2.

f=1+0,K EM, (S2)
The population of the fully bound state, Py, is given by
oK,EM,
 =—L 11 (53)
1+ 6K, EM,
and the population of the partially bound state, Py, where the intramolecular H-bond is not made is given by
1
20 [T —— (S4)
"1+ 6 K,EM,

Two H-bonds. For complexes that can make two different intramolecular H-bonds, ie an ester-phenol and a phosphonate diester-
phenol H-bond, the observed association constant is given by the sum of the equilibrium constants for the fully bound and three
partially bound states, so the parameter f required for the determination of EM using the double mutant cycle analysis is given by
Equation S5.

s [ =1+0K EM +0,K,EM, + 0,K,EMK,EM, (S5)

where Kj is the intermolecular association constant for formation of the ith H-bonding interaction, EM; is the effective molarity
for the ith intramolecular interaction, o; is the statistical factor that describes the degeneracy of singly H-bonded complexes, and
O, is the statistical factor that describes the degeneracy of doubly H-bonded complex.

30 We used the DMC in Figure 9 of the main text to determine the free energy contribution from phosphonate diester-phenol H-
bonding in these complexes. If we consider the partially bound states that are possible in complexes A and B in Figure 9, the
value of AAG® measured by this double mutant cycle is given by Equation S6.
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w1+ OK EM, + 0,K, EM, +0,,K EM,K,EM,
1+ 0K, EM,

(S6)

The value of K;EM; for the formation of the intramolecular ester-phenol H-bond can be determined from the double mutant cycle
for the relevant singly H-bonded complex. Thus Equation S6 can be rearranged to determine K,EM, for the phosphonate diester-
phenol H-bond (Equation S7).

~AAG°/RT _
K,EM, = 1+ o K,EM,)(e 1) -
o, + 0,,K,EM,

w

We assume that the effective molarity for the formation of the first ester-phenol H-bond is not affected by the formation of the
second phosphonate-diester H-bond: in other words, K;EM, is a constant. Cases where this assumption may not be valid are
discussed below. We must also make some assumptions about the values of the statistical factors, 6, 6, and Gy,. For the partially
bound, singly H-bonded complexes, there is no ambiguity: 6; = 6, = 4. For the fully bound, doubly H-bonded complex, there are

10 four degenerate states in which two H-bonds are made with phenol groups on trans-related meso positions on the porphyrin, and
eight degenerate states in which two H-bonds are made with phenol groups on cis-related meso positions. Models suggest that the
geometry of the ester-phosphatodiester ligands precludes the trans arrangement, and so we assume that 6;, = 8. This assumption
affects the precise values of EM quoted here, but does not qualitatively alter the results.

1s For complexes that can make two identical intramolecular H-bonds, the observed association constant is given by the sum of the
equilibrium constants for the fully bound and two partially bound states (Equation S8).

f=1+0K,EM, + 0,,(K,EM,)’ (S8)

Again, we assume that the effective molarity for the formation of the first H-bond is not affected by the formation of the second
H-bond, so that K, EM, is a constant (Equation S9).

-0, +40;" —40,,(1-¢ )

20 I(IE‘]‘l1 =
20,

(89)

Again assumptions about the statistical factors are required in order to deduce values of K;EM,. For the partially bound, singly H-
bonded complex, ; = 8. For the fully bound, doubly H-bonded complex, there are two degenerate states in which two H-bonds
are made with phenol groups on trans-related meso positions on the porphyrin, and four degenerate states in which two H-bonds
are made with phenol groups on cis-related meso positions. Models suggest that all states are equally accessible, so 6; = 6, but

25 this value may be as low as 2, if the cis states are inaccessible.

o

Four H-bonds. For complexes that can make four intramolecular H-bonds, the observed association constant is given by the sum
of the equilibrium constants for all possible states (Equation S10).

f=1+0K,EM, +0,K,EM, + 0,K.EM, + 0 K, ,EM,
+0,,K,EMK,EM, + 0,,K, EM K ,EM, + 0,,K, EM K ,EM,
+0,,K,EM,K,EM, + 0,,K,EM,K ,EM, + 0,,K,EM.K ,EM, (S10)
+0,,,K,EM K, EM K .EM, + ,,K,EM K, EM K ,EM, + 0., K, EM,K ,EM.K ,EM,
+0,,,K,EM,K . EM,K ,EM, + 0,,,, K, EMK,EM,K ,EM.K ,EM,

3

=)

If we assume that the values of K;EM; for the ester and phosphonate diester H-bonds are constants for the symmetric ligands
studied here, this equation simplifies to Equation S11.

f=1+0K ,EM, +0,K,EM, + 0,(K,EM,)* + 0,,(K,EM,)* + 6,,K, EMK,EM,
(S11)
+O—112(K1EM1)2K2EM2 + 0-122K1EM1(K2EM2)2 + GIIZZ(KIEMl)z(KzEMz)Z

where the 6 subscripts reflect the symmetries of the complexes.

35 We used the DMC in Figure 9 of the main text to determine the free energy contribution from phosphonate diester-phenol H-
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bonding in these complexes. If we consider the partially bound states that are possible in complexes A and B in Figure 9, the
value of AAG® measured by the DMC is given by Equation S12.

1+ 0K, EM, + 0,K,EM, + 0, (K,EM,)* + 0,,(K,EM,)’ + 6,,K, EM,K,EM,

o MG/RT _ +O_112(K1EM1)2K2EM2 + O-IZZKIEMI(KZEMZ)Z + 0-1122(KlEj‘/Il)z(KzE‘]Mz)2
1+ 0K\ EM, + 0'11([(112]‘41)2

(S12)

The value of K|EM, for the formation of intramolecular ester-phenol H-bonds can be determined from the DMC for the relevant
s doubly H-bonded complex, so Equation S12 can be rearranged to determine K,EM, for the phosphatodiester H-bonds (Equation

S13).
_(0-2 + O-IZKIEMI + 0-112(K1EM1)2)
2
, |02+ 0K EM, + 01,(K.EM,)")
_4(0'22 + 0K, EM, + 0-1122(K1EM1)2X1 + 0K, EM, + O'll(KlEMl)zXl - eiAAG/RT)
KM= (S13)

2(0-22 + 0K EM, + 0-1122(K1EM1)2)

For the singly H-bonded complexes, 6; = 6, = 8. For the complexes that form two ester H-bonds or two phosphatodiester H-
bonds, we assume that trans and cis arrangements are equally likely, so 6;; = 65, = 6. However, formation of H-bonds to both the

10 ester and phosphonate diester groups on the same side chain can only be made in the cis arrangement, so 6, = 40. Using the same
assumptions for the triply H-bonded complexes, 6,1, = 615, = 16, and for the complex where all four H-bonds are made, G115, = 8
(see Figure S1 for details of the statistical analysis).

Table S2 Statistical factors for complexes formed with ligands L1a-Léa.

Ligand
Lla L2a L3a L4a L5a L6a
01 =0 4 4 8 4 4 8
01 = O 12 12
Oi» 8 40
Oi12 = Oin 32
Oi122 16

Table S3 Statistical factors for complexes formed with ligands L1b-L6b.

Ligand
L1b L2b L3b L4b L5b Léb
o1 =0 4 8
Oi1 = O 12

» Statistically-corrected equilibrium constants for formation of intramolecular H-bonds

Table S4 K EM values for formation of an intramolecular phosphonate diester-phenol H-bond.*

Ligand
Lla L2a L3a L4a L5a Lé6a
Pla 9.1 6.6 24 2.6 3.1

P2a 0.3 0.6 0.2 0.6 0.6 0.6
P3a 0.3 22 0.9 2.5 1.0 1.2
P4a 1.5 0.2 1.9 33 1.2

Porphyrin

* Errors are +40%.
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Table S5 K EM values for formation of an intramolecular ester-phenol H-bond.

Ligand
g Llb L2b L3b L4b L5b  Léb
z Pla 0.4 0.5
g P2a 0.2 0.3
I~ P3a 0.6 0.6

P4a

* Errors are £40%.

H-bond occupancy

w

Table S6 Occupancy of the H-bonded state for phosphonate diester-phenol H-bonds (%).

Ligand
E Lla L2a L3a L4a L5a Lé6a
z Pla 97 95 90 88 86
& P2a 53 43 70 63 58
£ P3a 50 90 74 91 71 70
Pda 38 85 39 88 93 79

Table S7 Occupancy of the H-bonded state for ester-phenol H-bonds in the control ligand complexes (%).

Ligand
g Llb L2b L3b L4b L5b  Léb
= Pla 58 61
2 P2a 48 49
I~ P3a 70 67

P4a

Table S8 Occupancy of the H-bonded state for ester-phenol H-bonds in the phosphonate diester ligand complexes (%).

Ligand
E Lla L2a L3a L4a L5a Lé6a
= Pla 59 45
= P2a 54 37
~ P3a 64 54

P4a




‘AnowiuAs £q padnoid pue wopoq o3 doj woIy spuoq-H Inoj pue 221y} ‘0m) QU0 ‘019z s1opi1o e sjoued dy ], dqissoduur A[[eoL3owoad a1e 35933ns sjopowr
Je1)) SAINONIS oIk soxd[dwod papeys Jy ], "sjop [[ews pue 931e] Aq PaYSINIUNISIP I8 SUIRYD IPIS Y} ‘931J SI QU0 PUE PUNOq SI AUO "9°T ‘JUI[BAINDI-UOU dI SUIRYD OPIS 0M) O} dIoyM soxd[dwos uf “soul] A[3Tm ¢
Kq pojuasardar axe ureyo opis dwes ay) uo sdnoid 193s9 pue 193sa1p djeuoydsoyd usamiaq AIANRUUOD Y, “SIOp An[q Aq payuasaidal aIe s191s9 0 papuoq-H sdnoid [ousyd pue sjop par Aq pajudsardar 1e s19)saIp
dreuoydsoyd 0y papuog-H sdnoi3 jouayd ‘sjop yoe|q Aq payussardar are uuiAydiod ayy uo sdnoi3 HO [ouayd punoqu) *9]qissod a1e spuoq-H Jejnodjowenur Inoj a1oym x3[dwods oy 10 saje)s erouado S 814

XAAXXK I X
I

X o[BI i K
o R I
XXX X X
- s D I s
| = I0=0| O b=db =4 P29
2 X[ KX KX
S

X

S,
p=¢

=

M X
X
Pa¢
X
X X

AKX
AKX
X
X
)24
A
X

Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011



Electronic Supplementary Material (ESI) for Chemical Science
This journal is © The Royal Society of Chemistry 2011

-5.932800 -2.725100 -1.970700
-6.573700  -2.020000 -4.550300
3.689600  0.449900 -3.375800
3.100000  1.204400 -5.956100
-3.889900  0.241900 -8.565900
-1.322400  1.097800 -8.942000
-8.655800  -1.247800  -9.077500
-7.652300  -3.260700  -7.994600
-5.649300 -3.029800 -6.526100
-5.666500  1.256300 -7.182300
-5.967400  -4.345300  2.751900
-5.385500 -5.643400  0.686200
-4.121700  -4.556300 -1.163800
-4.012500 -0.856200  1.074400
5.908500 -0.469500  0.975100
2.153800  1.388600 -0.129200
3.349700 -2.358400 -1.969200
5.444500 -2.345400 -0.624000
1.574800 -0.640600 -8.484300
0.700700  3.408300 -7.199100
1.950800  4.301200 -9.163000
3.033900  2.737400 -10.781700
-5.117100  -0.944200  3.079600
3.667700  2.244000  1.298100
3.701700  0.453200 -10.982100
1.003400 -1.634400  0.665200
-1.593900 -2.480300  1.050000
-1.370200  2.386100 -3.689500
4.559700  6.619900 -2.337600
5.007000  6.057900  2.917300
-1.645300  5.193000 -3.640600
-2.075000  4.457600 -4.742300
-0.937600  3.101300 -2.629500
-0.645400  5.275300 -1.388400
-1.925400  3.058800 -4.724600
3.909300  5.058400  2.658200
0.862300  5.454800  0.447200
3.520600  5.692700 -1.748100
-1.062600  4.505700 -2.563500
2.983000  3.715800  0.447400
-1.069800  6.366300 -1.008300
0.363000  4.693300 -0.648700
2.840900  5.709800  1.997300
3.217500  6.098700 -0.428600
2.476600  5.081400  0.564300
-2.529800  4.950900 -5.614000
0.680600  6.551200  0.267100
3.938000  4.647300 -1.678300
4.663000  6.829900  3.647300
0.266900  5.202500  1.364300
5.066700  7.196600 -1.526600
3.510600 4.619800  3.615500
5.322200  6.016900 -2.887300
4.095500  7.344500 -3.047100
5.295100  6.573600  1.970100
4.260400  4.223700  1.987700
2.580300  5.685200 -2.366900
-1.760400  6.287500  -3.598900

NMR structures

=
S

Plael.2a NMR stucture Cartesian coordinates

-1.051600 -1.043900 -1.955600
-3.450700 -1.143700 -3.585900
0.443800  0.135100 -4.158400
-1.956000 -0.004200 -5.833700
0.220400 -0.983100 -1.369300
-1.902700 -1.675600 -1.059100
-3.241800  -1.996500 -1.251400
0.142500 -1.578100  0.000800
-5.333800 -2.208000 -2.715900
-5.650200 -1.856900 -3.997800
-4.459200 -1.188200 -4.581600
-1.138500  -1.996000  0.190200
1.466400  0.012200 -3.271800
2.735100  0.453600 -3.895600
1.381200  -0.492900 -1.932300
0.985900  0.620600 -5.376000
-3.938000 -1.758400 -2.471400
0.305200  0.811400 -6.562800
-4.355800 -0.746300 -5.881800
-3.176500  -0.182300  -6.465400
-3.075500  0.262700  -7.847000
-1.770700  0.696000  -8.038100
-1.075200  0.517900  -6.774100
2.436700  0.828900 -5.179100
-7.777400  -1.147800  -8.425400
-7.211500 -2.267800 -7.820700
-6.095400 -2.141500 -6.997200
-5.531100 -0.878300 -6.761100
-6.088700  0.256100 -7.356600
-7.206900  0.110300 -8.191300
-5.411000 -3.879400  1.926500
-5.081200 -4.590100  0.778400
-4.374100  -3.983700 -0.258800
-3.985100 -2.641200 -0.162300
-4.311700 -1.910800  0.988300
-5.018200 -2.535500  2.022900
4.988900 -0.487000  0.376000
4.053200  0.552300  0.502600
2.870300  0.557200 -0.251100
2.618700 -0.490800 -1.139200
3.548200 -1.533500 -1.268100
4.720500 -1.524100 -0.514200
2.477700  2.345400 -9.918900
2.365700  0.963700 -9.715300
1.652800  0.447500 -8.620800
1.057300  1.332400 -7.718000
1.171200  2.718300 -7.915800
1.872200  3.214100 -9.012400
2.933100  0.039800 -10.563700
-7.703800  1.267800 -8.750500
4.352100  1.557700  1.390300
-5.367500 -1.874300  3.181000
-1.573400 -0.252100 -3.790600
-7.241300  2.015900 -8.345400
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H 5.897500  5.529900  3.334300
H -2.270500  2.441900 -5.583700
H -0.471700  2.535100 -1.794600
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1.693200
0.744400
2.736300
3.681800
5.254000
3.739800
4.047600
3.449200
3.364600
1.748700
0.747300
1.509400
0.705000
2.341600
5.215200
4.608200
5.590700
-0.537600
-0.442200
0.494200
1.166500
2.186400
2.931500
1.098800
3.904200
4.723300
3.774300
-0.115600
-0.083800
-0.900500
10.849300
6.484000
-4.450400
7.693200
-2.125900
7.922300
6.923200
-4.398700
3.978300
-2.930900
4.662600
-3.344000
-2.412200
4.966500
0.738600
4.224400
4.960200
3.937400
-1.084700
-0.685200
5.704000
-1.608300
-4.729600
-7.380600
-6.427100
9.962400

-3.091200
-3.586200
-1.696300
-1.246800
-0.372900
-0.598500
-1.242100
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-4.249800
-4.070500
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-4.741100
-2.844600
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-2.141100
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-2.804300
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-4.476600
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-1.405700
2.846600
-1.389000
2.312100
-1.180000
0.931000
0.099400
-2.768900
-1.777400
-7.564000
-0.248400
-6.245900
-5.311000
-1.478900
-3.387900
-0.443300
1.701300
0.782700
-5.687000
-7.007900
0.633000
-7.936700
-5.848300
-5.091400
-4.920700
1.037700

-1.523400
1.206600
2.228700

-0.479500

-1.995100
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-2.866500

-8.292800

-3.790100

-3.242000
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-1.795700

-2.689200

-6.118500
0.213800

-0.763600
2.757000
5.514400
2.560400
3.625700
3.459400
4.558800
7.082800
3.987700

-4.824200
2.516300

-0.875500
0.533600
1.497900
3.466300

2.722300
8.269100

3.160500
7.656800

3.081400

2.558600
8.015400

-4.227500

-2.323300
1.581800

-2.082300

-1.612100

-6.833400
4.994900

-6.250100

-7.264500
-6.991000
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5.491600
-0.070800
-5.698200

9.188800

2.630500
-0.851000

4.684700
-3.215600
11.608400

2.334300

9.646100
-3.301300
-7.018600
-2.073400
11.167100
-5.108300
-8.701700
12.807100
-5.589300

3.012800

2.006700

0.358800
-1.289300

0.086100

1.702300
-3.350800
-0.390300

2.434400
-5.842400
-1.226800

6.407600

4.917600

2.702300

8.469100
-1.642800

5.483500

5.726400

1.826500

1.311200
-3.173600
-5.295500

5.992600
-2.726800

5.356900
-0.918400
-1.051800

3.155300
11.200000

9.044100

9.613200
11.779000

4.658300
13.394600
-3.653600

2.523900

5.805300

4.538800

2.091600

2.016500
-4.007600
-6.013700
0.364500
1.068500
-3.144300
2.897700
-3.337400
-0.719600
2.263400
-0.858200
-0.593200
-5.638800
-2.550000
0.508700
-5.298700
-4.740300
-1.194900
-0.752800
4.369700
-2.163800
-7.305300
-8.971100
-5.094000
-5.241800
0.480400
-4.255300
-4.685200
-0.094100
-0.559600
0.749300
-3.731700
-1.635000
2.972500
-5.949400
3.621000
-0.201400
0.341800
2.496600
-4.418200
-3.384400
1.471200
-4.273700
-1.361900
-5.056700
-2.171500
0.210900
-2.366700
-1.396000
2.002700
1.031800
-0.085700
-1.339500
-8.302200
4.915400
-3.455000
2.442400
-3.569800

2.205300
7.602600
-1.318400
3.540100
-7.414800
6.821100
-7.916800
7.556600
4.424200
-8.058600
3.030500
8.107300
-1.532600
7.356400
4.944900
-3.553500
-2.929700
4.903900
8.685000
-8.897800
0.327200
-1.432800
-2.292000
-3.722700
7.698000
8.335700
8.626000
5.379800
8.010400
7.519200
-0.467500
-4.264800
5.611800
3.576000
1.244400
-8.137600
-2.960500
-7.220400
-8.383400
7.350600
8.179400
-6.960200
-1.419600
-7.855300
3.724300
4.892000
-4.480700
3.065400
2.282000
4.898900
5.692900
4.460000
4.148100
-2.702300
-8.252900
-6.578600
1.856300
-4.820300
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6.311300  3.931400  2.783900 H -7.882500 -1.025300  6.818900
-6.718500  -4.495600 -4.758600 e H -8.350900  0.260400  5.601000
-4.357100 -5.171800  -4.348500 H 3.363300  5.382900 -4.908900
-5.406300 -6.440400 -0.346100 H -9.755900  -1.436400  4.364100

5 -7.781400  -5.762700 -0.751200 H -9.265200 -2.723800  5.538100
7.099400 -0.984400  2.479600 H -10.274500 -1.318000  6.102900
-8.845200  -4.522400 -3.862300 es H -5.861100  1.694900  4.009100
1.450900  0.092700  0.712200 H -1.034400  6.882300 -7.304400
0.207000 -0.101200  1.200900 H -5.752200  -3.098700  4.667500

10 1.012700  3.410500 -1.028800 H -5.138300 -2.363800  3.100600
0.684500  2.187300 -0.252900 H -2.690600 -0.300500  0.950900
1.679000  1.217600 -0.000100 70 H -2.838800  5.278200 -7.751300
-9.448700  -1.629500  5.419400 H -2.014400  3.974800 -6.791900
-0.852500  0.811200  1.001100 H -2.641300  5.446400 -5.949900

15 -0.598400  1.970300  0.261100 H -0.281200  5.351400 -7.983200
-0.844400  5.788000 -7.112200 H -3.882400 -4.479500  3.672300
-3.372100  0.482000  3.745200 s H -2.783800  -3.027900  3.714300
-4.865200 -2.626800  4.159600 H -3.378400 -3.751200  5.262200

-2.201400  0.517900  1.548200
0.409400  3.364300 -2.421200
-2.161200  5.077000  -6.887700
-2.135000  0.099000  3.006300 80
0.710700  4.599300 -3.199600
-0.249600  1.435000 -6.179600
-3.654300  -3.525500  4.204600
-8.204300 -0.846400  5.756700
2.256400  5.501200 -4.738000
-0.132200  2.921200  -6.405200
-5.728800  0.620200  3.708500
1.082800  3.375700 -5.831000
-5.743700  0.266600  6.297000
-0.038400  5.485300 -3.621500
-4.560100 -1.419900  4.834000
-4.511000  0.500800  2.970600
-3.548500  0.743800  4.938700
1.997600  5.172500 -7.321000
-7.151200  -1.284300  4.914000
2.036500  4.746000 -3.544900
-0.047100  5.716900  -5.946800
-5.802200  -0.422400  5.002600
1.356000  4.944000 -6.021100
-1.399900  2.704200  0.084100
-0.218100  1.201600 -5.088800
2.068300  6.586400 -4.515200
2.707800  1.355300 -0.390200
-0.705600  3.246500 -2.366900
-2.026700 -1.017500  3.085700
-1.257000  0.575300  3.517900
0.041400 -1.032400  1.781600
0.622700  4.311700 -0.482100
2.128100  3.528400 -1.112600
-2.847400  1.432600  1.451100
0.827600  2.494000 -2.997900
-0.969100  3.482500 -5.904100
-0.121300  3.180000 -7.502200
-6.513800  0.392500  2.933700
-1.216200  1.074800 -6.605900
0.592300  0.899200 -6.679300
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