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1. NMR Spectroscopy

NMR data were collected using a Bruker AVANCE Ill HD 400 MHz equipped with a BBO probe,
Bruker AVANCE Il HD 500MHz equipped with a BBFO SMART probe, a Bruker AVANCE Il HD
600MHz with a BBO N,-cooled Prodigy probe. Low VT experiments were carried out on the Bruker
AVANCE Il HD 500MHz over the range 203-298 K as stated using a Bruker liquid nitrogen
evaporator VT system. Samples were dissolved in dry CD,Cl,, and CDCl; characterized by *P{*H},
2D ¥p-3p{'H} COSY and *P-*'P{*H} NOESY/EXSY (with proton decoupling throughout t; and t,
acquisition periods), with exchange mixing times of 1ms to 10secs at the temperatures and in the
solvents stated. For each data set, 8 orl16 transients were acquired for each of the 256 increments with
2K data points per FID, using a recovery time of 2 s. Data were processed typically as 1K x 1K data
points using shifted squared-sinebell apodization windows. Typical sample concentrations for T,
analyses were 0.0smM for Pt and 0.04 mM for Ag complexes based on silver(l) triflate. Probe
temperature calibrations were performed using neat methanol samples (containing a trace of HCI)
below ambient using either a BCU Il cooling unit at 233K or a liquid nitrogen evaporator line at
203K.

3P T, Relaxation times were measured using the standard inversion-recovery sequence (180—t-90—
acquire) in which t was varied from 5 ms to 10 s. Proton decoupling was applied during the
acquisition period. Data were Fourier transformed using 2 Hz line broadening and relaxation times

were calculated using the T, dynamics module in Topsin 3.5.

%Pt T, Relaxation times were measured directly using the standard inversion-recovery sequence in
which twas varied from 1 to 300 ms. Data were Fourier transformed using 2Hz line broadening and

relaxation times were calculated using the T, dynamics module in Topsin 3.5.
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2. Relaxation theory

2.1. Full ab initio Cross-relaxation Theory Treatment for two Spin -1/2 Particles in

Solution

While it is intuitively clear that the change in the orientation of the coupled spin transfers the
magnetisation from one doublet component to another, the abundance of complicated relaxation
mechanisms in internally rigid systems featuring two CSA tensors and a dipolar coupling warrants
closer attention. This section contains the complete ab initio analysis of every significant relaxation,
cross-relaxation and cross-correlation process in a rigid system with two spin-1/2 particles dissolved
in a liquid.

In the laboratory frame of reference, the most general case of the system in question would have the

following spin Hamiltonian:

Hiso = a)LI:Z +ws§z +27d [Iixéx + [Y§Y + I:Z§Z]
. . . 1)
H (t): Hiso + Z gfjw) (t)ka
m,k=-2

where H,, is the orientation-independent part of the spin Hamiltonian, comprising Zeeman

interaction terms with frequencies o, and «, and the J-coupling. The orientation-dependent part is

parameterised by the time-dependent second-rank Wigner functions @fj]) (t) of molecular orientation
and irreducible spherical components ka of the anisotropic Hamiltonian, defined in the following
way:

A CSA-LTL CSA-STS DD LS
ka :cDm Tk +cDm STk +(Dm Tk (2)

where the second-rank irreducible spherical tensor operators are

4 +5 - -+
FLs_ J—,%(lizi fLS,), Ti- % (8,

5 i 3)
TOS:"'\E 2 Tfl:‘T'ESi' szzo
. 2 . . 1 ~ .
TS =+ §|_Z, TiL1=¢ELi, T5=0

and the internal orientation parameters for the three interactions (CSA-L, CSA-S, DD) are
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. Rh AX
cD:T:]SAL :TL(:DS“Z)’Z (aLvﬂL17L)+©mz,)2 (aL,,BL,VL))+ \F6L 33,(112)0 (OZL’:BLJ/L)

s _Rh A
OFS = T8 (D0, (as. o 75) + O (as,ﬁs,7s))+—XS@§n2,)o (a5 Bsi7s) (@)

2 6
Rh Ax
(Dra = 2D (anzv)fZ(aD’ﬂDlyD)'F@Snz’)z(aD’ﬂDJ/D))'F \ED ®£n2,£ (aD’IBD’yD)

where the three sets of Euler angles {a,,B,}/} specify the orientations of the corresponding

interactions in the molecular frame of reference; axiality and rhombicity parameters of the three

interactions are:

AX =-7B, [zo-lz_z _(O->|Zx +0yy )]’ Rh. =-7.B; (O-;x _O-I\FY)
AXs ==73B; [20;2 _(O-;S(x +0%y )]’ Rhs =—7,B;, (O-;S(x _O-\S(Y) ()
h
AxD:—GZ‘—;%, Rh, =0

where y, ¢ are the magnetogyric ratios of the two spins, {o-;')f,otf,o-;zs} are eigenvalues of their

chemical shift tensors, and r,  is the distance between them. A very detailed derivation of this form of

the spin Hamiltonian is available in Section 2 of IK's paper on the subject [1]; a general numerical

implementation is available in Spinach [2].

The general Liouville space form of the Bloch-Redfield-Wangsness relaxation superoperator R for

the case of rotationally modulated interactions is [1,3]:

[e’e]

R==3 Gy (1) Qe QL™ dz  (©)

kmpg o

where the rotational correlation functions kapq(r) are ensemble averages of the products of

differently timed Wigner functions from Equation (1):

Gy (1) = (D (0D (7)) (7)

We shall assume isotropic rotational diffusion in for the system in question, in which case

020

Gabcd (T) - %e e (8)

where ¢ denotes Kronecker symbols and z.. is the rotational correlation time.

Despite its complicated definition, the integral in Equation (6) may be evaluated analytically in a

closed form by symbolic algebra packages, such as Mathematica [4]. Here we focus on the specific
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matrix element that corresponds to the longitudinal relaxation and cross-relaxation between the two

doublet components of the spin being detected.

Under the assumptions specified above and neglecting the dynamic frequency shifts, the longitudinal
self-relaxation rates for the two spins (expressed for the low-y S spin as Ry[S] in the main paper text)

are:

. , ,
>__AcsA.L i(r )_égg (33 (2.0, )+ 3 (7c, 0, — @5) + 6 (7, 00, + ) |

(9)

A 2 A2
L >:_ CSA-SJ(Tc,ws)_sgg[3J(z-c,a)s)+J(Tc,a),_—a)s)+6\](fc,&)|_+a)s):|

where the angular brackets denote the Frobenius scalar product <A

I_5>> = Tr[ATIﬂ and the squared

modulation depth parameters are defined as

A = AX; +3Rh2 (10)
and the spectral power density function is
T
J(r,0)= 11
( ) 1+ 0*7? D

These are standard results that match the literature [5].

The eigenstates of the Zeeman Hamiltonian that represent the left and the right components of the
weakly coupled L spin doublet are linear combinations of in-phase and anti-phase magnetisation:
ML =(,—208, Mt

right

=, +2L,S, (12)

The longitudinal cross-relaxation rate between these states (expressed as Rsg[L] in the main paper

text) is:
<Mllgft F’é"\’/\lrli_ght> _
\/<M||;ft I\7|||<;ft><|\7|rli_gm I\7|rli_gm> (13)
= Aesns (00 )+ 20033 (1 0)— 3 (000, — ) 63 (rer 0 + )]
60 C1™s 720 C1™s cCr'™L S Cr™L S

It is a considerable relief to observe that, after a fully general relaxation theory treatment, no CSA-
CSA or DD-CSA cross-correlation contributions are predicted in this cross-relaxation rate — the only
terms are the intuitively obvious CSA relaxation of the partner spin and the Overhauser style cross-

relaxation.
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It is clear from Equations (9) and (13) that the L spin satellite cross-relaxation rate is equal to half the

relaxation rate of the S spin only in the circumstances when the dipolar terms are negligible:

e
o (14)
: L<thfi R I\A/Ifght> — ~ A%g_s .J (TC,(OS)
\/<Mleft Mleft><Mright Mright>

The presence of yyi term in A, makes this easy to demonstrate for *P-'"’Ag and ¥P-'Ag

systems in non-viscous liquids at high magnetic fields. The direct bond is longer than 2 Angstroms,

and therefore

Abo
360
in a 9.4 Tesla magnet for a compound with z. =200 ps — negligible compared to the experimentally

[33 (20,00 )+ 3 (2,00, — 05 )+ 6 (7,00, + 5 ) | <10° s (15)

observed relaxation rates, which are therefore entirely due to the CSA mechanism.

The conclusion is that the cross-relaxation rate measured on the metal satellites of the observed NMR
signal is half the longitudinal relaxation rate of the metal spin. This applies to any system in which the

CSA mechanism dominates relaxation; that includes most low-» nuclei with spin 1/2, the only

exception likely being molecules with very high symmetry at the low- ¥ nucleus.

2.2. Chemical shift tensor and relaxation time calculations

Molecular geometries were optimised in Gaussian09 [6] using M06 exchange-correlation functional
[7] with cc-pVDZ basis set [8] on C, H, O atoms, 6-31G(d) basis set on phosphorus[9], and aug-cc-
pVTZ-PP basis set [10] on silver. SMD solvent model [11] was used to account for the influence of
the dichloromethane solvent. The resulting geometries were used for GIAO [12] calculations of
chemical shielding tensors using the same exchange correlation functional and basis sets.
Longitudinal relaxation rates were computed in Spinach [1] using the diagonalization-free version [2]
of Bloch-Redfield-Wangsness formalism [13-15] from the resulting molecular geometries and
shielding tensors. Rotational diffusion tensors for the two complexes in dichloromethane (7 = 1.61 cP
at 203 K) were computed in HYDRONMR [16] using the bead model [17]. Both rotational diffusion
tensors were found to be nearly isotropic — eigenvalues 82, 85, 90 MHz for the bigger silver complex
2, and 93, 97, 107 MHz for the smaller silver complex 3, corresponding to the isotropic rotational

correlation times of 1.9 ns and 1.7 ns, respectively.

Longitudinal relaxation times may be estimated using BRW theory from DFT estimates of silver

chemical shielding tensors and hydrodynamic radii. Because relaxation times depend quadratically on
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CSA eigenvalues and cubically on the effective hydrodynamic radius, the calculations should be

viewed as order-of-magnitude estimates. Analytical equations, including the rarely acknowledged

contributions from the antisymmetric parts of the shielding tensors, are given below, @, is nuclear

Zeeman frequency.

1 2
R == Ao} — B+ S ATl —E
2 1+9wy7y 15 1+ gty
1 1 3 19)
R, == A2} —B —+ — A%} | bry +—8
4 1+9ayry 45 1+ wyry
where Ai is the first rank invariant (asymmetry squared) of the total chemical shift tensor:
2 2 2 2
Ao Z(JXY _GYX) +(sz_o-zx) +(GYZ_UZY) (17)
and Af, is the second rank invariant (anisotropy squared) of the total chemical shift tensor:
Ai = O->2<x + O-\Z(Y + Oéz ~OxxOvyy ~OxxO0zz ~OyyOzz T
(18)

3 2 2 2
+Z[(0'XY +0yy ) +(0y +05x ) +(0y, +05y) }
In practice, the Gaussian09 logs are read directly into Spinach, and relaxation theory analysis
including dipolar and CSA mechanisms is performed automatically as described in [1]. The resulting
numerical data is given in Tables S1 and S2 below.

Table S1: Calculated relaxation times for the bigger silver complex (2), tc=1.9 ns from
HYDRONMR.

Isotope R,/s" R,/s" T./s T,/s
Ag 0.012 0.014 86 72
¥p 0.20 0.91 5.0 11
Ip 0.20 0.91 5.0 11
Ip 0.20 0.91 5.0 11
p 0.20 0.91 5.0 11
Table S2: Calculated relaxation times for the smaller silver complex (3), tc=1.7 ns from
HYDRONMR.
Isotope R,/s? R,/s? T./s T,/s
"Ag 0.050 0.059 20 17
p 0.26 0.93 3.9 11
¥p 0.22 0.79 45 16

The doublet component cross-relaxation rate for the bigger complex is predicted to be 0.0054 s*, and
0.0242 s for the smaller complex. In both cases, the analytical insight is confirmed by numerical
simulations — the doublet component cross-relaxation rate (i.e. satellite exchange rate) is exactly half

the silver longitudinal relaxation rate.
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3. 1-D NMR Spectra for cis-dichlorobis(triphenylphosphine) platinum(11)

T T T T T T T T T T
35 30 25 20 15 10 5 0 -5 ppm

Figure S1: *P {*"H} NMR Spectrum of cis-dichlorobis(triphenylphosphine) platinum(ll) ( 50 mM) in
CD,Cl,at 500 MHz (*H) and 298 K (LB = 2 Hz)
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Figure S2: Pt NMR Spectrum of cis-dichlorobis(triphenylphosphine) platinum(l1) (50 mM) in
CD,Cl, at 500 MHz (*H) 298K (LB =10 Hz)
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4. Relaxation measurements of cis- dichlorobis(triphenylphosphine) platinum(ll)
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Figure S3: Pt T, Relaxation measurement using the standard inversion-recovery sequence for cis
dichlorobis(triphenylphosphine) platinum(Il) at 9.4 T (400 MHz *H).
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Figure S4: °Pt T, Relaxation measurement using the standard inversion-recovery sequence for cis-
dichlorobis(triphenylphosphine) platinum(ll) at 11.74 T (500 MHz *H).
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Figure S5: °Pt T, Relaxation measurement using the standard inversion-recovery sequence for cis-
dichlorobis(triphenylphosphine) platinum(l1) at 14.09 T (600 MHz *H).

Bo/T (*H MHz) T.("P)/sec
9.40 (400MHz) 5.05
11.74 (500MHz) 3.85
14.09 (600 MHz) 2.91

Table S3: *P longitudinal relaxation times for cis-dichlorobis(triphenylphosphine) platinum(il) from

inversion recovery experiments.
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Figure S6: Relaxation rate dependence of *'P in cis-dichlorobis(triphenylphosphine) platinum(l1) on

the square of the applied magnetic field B.
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Figure S7: Integral numbering system used for the *Pt-satellite peaks in the 3P EXSY spectrum. A
ratio of integral 1: integral 2 was recorded (I¢ross-peak/ liagonat) @nd plotted against mixing time to yield
data in Figure 2 of main paper. The same analysis was performed for integral 4 with respect to

integral 3, which produced similar results (see Figure S8).
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Normalise Normalise

tmix/msec Volume 1 Volume 2 Volume 3 Volume 4 (1/2) (4/3)

2 605630 18944000 18460000 498650 0.031969489 0.027012459
5 1510700 17708000 17730000 1335100 0.085311724 0.075301748
6 1718200 18294000 18012000 1761700 0.093921504 0.097807018
8 2304000 17716000 17949000 2313800 0.13005193 0.128909689
10 2201200 16008000 16483000 2422700 0.137506247 0.146981739
12 3288000 17110000 17009000 3254900 0.192168323 0.191363396
15 3440500 15793000 15232000 3612900 0.21784968 0.237191439
20 3973600 14208000 14120000 3905300 0.279673423 0.27657932
25 5029100 14336000 14217000 5555100 0.350802176 0.390736442
30 5410500 13022000 12685000 5513000 0.415489172 0.434607804

Table S4: Volume integrals of **Pt-satellite cross peaks (1,4) normalised against the diagonal peaks
(2,3) for cis-dichlorobis(triphenylphosphine) platinum(ll) ***Pt satellite cross-relaxation measurement
using *'P-*P-{*H}-EXSY spectra at 400 MHz (*H) at 298K.
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Figure S8: Normalised volume integrals for satellite peak 1 with respect to diagonal peak 2 (blue
points) and normalised volume integrals for satellite peak 4 with respect to diagonal peak 3 (red
points) in *'P EXSY recorded at 400 MHz (*H), 298 K.
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Normalise Normalise
tmix/msec Volume 1 Volume 2 Volume 3 Volume 4 (1/2) (4/3)

1 33288 4200600 4206400 72765 0.007924582 0.01729864
2 167120 4303500 4163800 157360 0.038833508 0.037792401
3 402230 4439100 4500700 159650 0.090610709 0.03547226
4 346260 3970300 4034900 343290 0.087212553 0.085080175
5 412780 4073200 3952000 495450 0.101340469 0.125366903
6 437050 3934000 3910700 462800 0.111095577 0.118341985
7 562260 3989800 4016800 615020 0.140924357 0.15311193
8 682420 3715600 3759200 711980 0.183663473 0.18939668
10 749740 3443500 3483900 718340 0.217726151 0.206188467
12 1009500 3425300 3447100 997750 0.294718711 0.289446201
15 1089700 3258100 3415500 1075700 0.334458734 0.314946567
18 1318600 3323600 3453700 1314300 0.396738476 0.380548397
20 1381200 3160600 3034200 1359600 0.437005632 0.448091754
25 1601600 2935500 2952600 1552700 0.545597002 0.5258755
30 1628400 2538300 2598500 1639400 0.641531734 0.630902444

Table S5: Volume integrals of ***Pt-satellite cross peaks (1,4) normalised against the diagonal peaks

(2,3) for cis-dichlorobis(triphenylphosphine) platinum(11) Pt satellite cross-relaxation measurement
using *'P-*'P-{'H}-EXSY spectra at 500 MHz (*H) and 298 K.

1 cross peak/I diagonal

y=0.0231x- 0.0063
R?>=0.9816

tmix/msec

16

Figure S9: Normalised volume integrals for satellite peak 1 with respect to diagonal peak 2 (blue

points) and for satellite peak 4 with respect to diagonal peak 3 (red points) in P EXSY recorded at

500 MHz (*H), 298 K.
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Normalise Normalise

tmix/msec  Volume 1 Volume 2 Volume 3 Volume 4 (1/2) (4/3)

1 579590 19474000 19308000 799780 0.029762247 0.041422208
2 1461700 19020000 19196000 1387300 0.076850683 0.072270265
4 2327100 19086000 18729000 2459000 0.121927067 0.131293716
6 3456200 18153000 17969000 3542600 0.190392773 0.197150648
8 4334600 17233000 17185000 4315300 0.251529043 0.251108525
10 5068700 16284000 16199000 4994000 0.31126873 0.308290635
12 5645400 15352000 15200000 5876100 0.367730589 0.386585526
15 6730900 14814000 14555000 6601400 0.45436074 0.453548609
20 7771100 13692000 13589000 7721700 0.567565001 0.568231658
25 8742400 12893000 12918000 8668000 0.678073373 0.671001703
30 14119000 18892000 18585000 14131000 0.747353377 0.760344364

Table S6: Volume integrals of **Pt-satellite cross peaks (1,4) normalised against the diagonal peaks
(2,3) for cis-dichlorobis(triphenylphosphine) platinum(ll) **°Pt satellite cross-relaxation measurement
using *'P-*P-{*H}-EXSY spectra at 600 MHz (*H) at 298K.
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Figure S10: Normalised volume integrals for satellite peak 1 with respect to diagonal peak 2 (blue
points) and normalised volume integrals for satellite peak 4 with respect to diagonal peak 3 (red
points) at 600 MHz (1H), 298 K.
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5.  Preparation of Silver complexes (2) and (3)
5.1 General Procedure for preparation of Silver(l) complexes (2) and (3)

A 10 mL round bottom flask was charged with silver(l) triflate (9 mg, 0.035 mmol, 1.0 equiv) and
(R)-(+)-5,5'-Bis[di(3,5-xylyl)phosphino]-4,4'-bi-1,3-benzodioxole (50 mg, 0.07 mmol, 2.0 equiv).
Under argon, CDCl; or CD,Cl, (0.8 mL) was added and the mixture was stirred for 30 minutes at

room temperature. The solution was then transferred to an NMR tube for analysis.

5.2 1-D NMR spectra for complexes (2) and (3)

. W . YL TV , A Al b e,
TR VRN DY, et P AL P Ve g o S At A

Figure S11: *P {"H} NMR Spectrum of silver complexes (2) and (3) (40 mM) in CDClzat 233 K and
500 MHz (*H) (LB =1 Hz).

145 140 135 13.0 125 120 115 110 105 100 95 90 85 80 ppm

Figure S12: *'P {*H} NMR Spectrum of silver complexes (2) and (3) (40 mM) in CD,Cl, at 203 K
and 500 MHz (*H) (LB =1 Hz)
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6. 2-D NMR EXSY spectra for complexes (2) and (3)
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Figure S13: *P-3'p-{"H}-EXSY spectra of (2) and (3) showing the "*®Ag satellite cross-peak
appearance as function of tyi (a) 10 ms (b) 500 ms (CD,Cl,, 203 K, 500 MHz (*H)).
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Figure S14: Integral numbering system used for the Ag-satellite peaks in the *'P EXSY spectrum. For
trigonal-planar complex (3), a ratio of volume integral 6:4 was taken for '**Ag satellites, and 5:3 for
WAg satellites. For tetrahedral complex (2), a ratio of volume integral 13:12 was taken for '®Ag

satellites.
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Volume  Volume Volume Volume Normalise Normalise

tmix/msec 3 4 5 6 3p 107 Aqg Sp_109aq
50 1256700 1132800 64787 66323 0.051553274 0.058547846
75 1131400 1095900 89107 86178 0.078758176 0.078636737
100 1103300 1014100 80230 123560 0.072718209 0.121842027
200 912070 822820 159470 195130 0.174844036 0.237147857
300 743940 650210 194640 266020 0.261634003 0.409129358
400 610840 507970 232320 245270 0.380328728 0.482843475
500 490730 420910 188070 223610 0.383245369 0.531253712
600 412970 344310 188900 207710 0.457418214 0.6032645
700 329670 326720 230290 234100 0.698547032 0.716515671
800 287430 230060 205640 188880 0.71544376 0.821003217

Table S7: *P EXSY peak volume data for trigonal planar complex (3).
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Figure S15: Normalised volume integrals for trigonal planar complex (3) at 500 MHz (*’Ag satellite
5:3 (red points), '®Ag satellite 6:4 (blue points)).
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Volume Volume Volume Volume Normalise Normalise

tmix/msec 11 12 13 14 $1p_07Ag 3p_10Ag
50 18305000 17194000 131760 144370 0.007886916 0.007663138
75 17452000 16861000 200280 168600 0.009660784 0.011878299
100 17774000 16643000 223890 216310 0.012170024 0.013452503
200 16906000 15582000 448880 409600 0.024228085 0.028807599
300 15352000 15667000 627770 496780 0.032359302 0.040069573
400 15207000 14082000 805150 688820 0.045296245 0.057175827
500 11710000 14457000 813750 746140 0.06371819 0.056287612
600 10954000 12327000 888150 800150 0.073046376 0.07204916
700 10215000 13489000 833790 901950 0.088296623 0.061812588
800 12161000 11226000 1086600 902790 0.074236494 0.096793159

Table S8: *'P EXSY peak volume data for tetrahedral complex (2).
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Figure S16: Normalised volume integrals for tetrahedral complex (2) at 500 MHz (*”’Ag satellite
14:11 (red points), '®Ag satellite 13:12 (blue points)).
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